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ABSTRACT
This thesis is concerned with an investigation of the thermodynamic parameters of 
complexation of calix[4]pyrrole derivatives with anions and metal cations, as well as the 
use of calix[4]pyrrole oligomers and silica based materials aiming at the removal of 
polluting ions from aqueous solutions.
The synthesis of meso-tetramethyl tetrakis-(4-phenyl methyl ester) calix[4]pyrrole, CP(I) 
and meso-tetramethyl tetrakis-(4-phenoxy acetone) calix[4]pyrrole, CP(II) and their 
characterisation by different techniques such as NMR and elemental analysis were 
accomplished. The second ligand was chosen to assess the effect of introducing a 
methylene group on the complexation process.
Solubility data for calix[4]pyrrole derivatives in various solvents at 298.15 K were 
determined. These data were used to calculate the standard Gibbs energies of solution and 
subsequently the transfer Gibbs energies of these ligands to various solvents taking 
acetonitrile as a reference solvent.
The NMR technique was used for identifying the active sites of complexation between 
the ligands and ionic species in different solvents (acetonitrile, dimethyl sulfoxide) at 298 
K. From the NMR in deuterated dimethyl sulfoxide, it can be inferred that CP(I) is 
selective for the fluoride anion while in deuterated acetonitrile, this ligand shows 
interaction with fluoride and mercury ions. As far as CP(II) is concerned, the results 
showed interaction with F , C l, Br and Hg^ .
Conductance measurements were performed with the aim of i) determining the 
composition of the ligand-andon/cation interaction, and ii) gaining information regarding 
the strength of anion/cation complexation with the ligands in acetonitrile, dimethyl 
sulfoxide and propylene carbonate.
Direct titration calorimetry was used to determine the thermodynamic parameters of 
complexation of calix[4]pyrrole derivatives and ions in non-aqueous media.
The essential role played by the solvent was assessed through the thermodynamics of 
transfer of the product and reactants from one medium to another.
Finally, the synthesis and extraction properties of calix[4]pyrrole oligomers and silica 
based materials for the removal of anions (fluoride, dihydrogen phosphate and 
dihydrogen arsenate) and the Hg(II) cation from aqueous solutions are discussed.
Final conclusions and suggestions for further work in the area are given.
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I. Introduction
1. Water Pollution
Water pollution caused by human activities has a large set of adverse effects upon water 
bodies such as lakes, rivers, oceans, and groundwater.
Although natural phenomena such as volcanoes, algae blooms, storms, and earthquakes 
also cause major changes in water quality and the ecological status of water, water 
pollution has many causes and characteristics. Increases in nutrient loading may lead to 
eutrophication.
Organic wastes such as sewage impose high oxygen demands on the receiving water 
leading to oxygen depletion with potentially severe impacts on the whole eco-system. 
Industries discharge a variety of pollutants in their wastewater including heavy metals, 
resin pellets, organic toxins, oils, nutrients, and solids. Discharges can also have thermal 
effects, especially those from power stations, and these too reduce the available oxygen. 
Silt-bearing runoff from many activities including construction sites, deforestation and 
agriculture can inhibit the penetration of sunlight through the water column, restricting 
photosynthesis and causing blanketing of lake or river beds, in turn damaging ecological 
systems.
Pollutants in water include a wide spectrum of chemicals and pathogens leading to 
physical chemistry or sensory changes. Many of the chemical substances are toxic. 
Pathogens can lead to waterborne diseases in either human or animal hosts. Alteration of 
water’s physical chemistry includes acidity, electrical conductivity, temperature, and 
eutrophication. Eutrophication is the fertilisation of surface water by nutrients that were 
previously scarce.
Many of the municipal water supplies in developed countries can present health risks. 
Water pollution is a major problem in the global context. It has been suggested that it is 
the leading worldwide cause of deaths and diseases^’  ^and this accounts for the deaths of 
more than 14,000 people daily.
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1.1 Water Contaminants
Chemical contaminants may include organic and inorganic substances.
Some organic water pollutants are:
• Insecticides and herbicides, a huge range of organohalides and other chemicals.
• Tree and brush debris from logging operations.
• VOCs (Volatile organic compounds), such as industrial solvents.
• Petroleum hydrocarbons including fuels (gasoline, diesel, jet fuels, and fuel oils) 
and lubricants (motor oil) from oil field operations, refineries, pipelines, retail 
service station's underground storage tanks, and transfer operations.
Some inorganic water pollutants include:
• Heavy metals including acid mine drainage.
• Acidity caused by industrial discharges (especially sulfur dioxide from power 
plants).
• Pre-production industrial raw resin pellets, an industrial pollutant.
• Chemical waste as industrial-by-products.
• Fertilizers, in runoff from agriculture including nitrates and phosphates.
• Silt in surface runoff from construction sites, logging, slash and bum practices or 
land clearing sites.
Given that part of this thesis is concerned vdth the interaction of macrocycles with 
fluoride and phosphate anions and the mercury cation, background information on these 
contaminants is now given.
1.1.1 Fluorides
The effect of fluoride on human health was studied during the last part of the 19* century 
by Edmunds and Smedley^, when they noticed the variable fluoride contents of bones and 
teeth in humans. During the early 1900s it was observed that the ingestion of fluoride in
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small amounts gave protection against the development of dental caries without staining 
the teeth"*. During the 1940s, it was suggested that public drinking water supplies in the 
U.S. be fluoridated with an optimal level of 0.7 to 1.2 mg/1 depending on the ambient air 
temperature of the region^.
In potable waters, the fluoride ion (F ) comprises 95% of the total fluoride present^. 
Fluoride can also forms strong complexes with aluminum, boron, silica but these 
constituents are not present or the conditions necessary for their stability are not usually 
reached in potable water^.
Half of the absorbed fluoride in the stomach is incorporated into developing bones and 
teeth and the remainder is excreted in the urine^. The uptake of fluoride by the skeleton 
decreases -with age, but it can continue up to age 55 .^
It is important to know that some foods and beverages (like seafoods, certain types of teas 
and wines, juices and soda) are naturally high in fluoride and can provide a dietary input 
of fluoride other than the drinking water. Fluoride ingestion can reduce the incidence of 
dental caries and it helps to develop strong bones^’^ ’^ .
Researchers have attempted to identify the optimal fluoride concentration in drinking 
water to reduce dental caries. This optimal level depends on the amount of water 
consumed on a daily basis and on the additional sources of fluoride. In the U.S, studies 
have shown that the decline in dental caries occurs when the level of fluoride 
concentrations are increased up to 0.7-1.2 mg/l '^*°'**. Thus the U.S. Centers for Disease 
Control and Prevention (CDC), with the support of the American Dental Association 
(ADA) and the American Dental Hygienist’s Association (ADHA) adjusted the fluoride 
content of their drinking water to a value between 0.7-1.2 mg/1 or ppm.
Genetic mutations, birth defects, hypersensitivity reactions, allergic illness, repetitive 
bone injuiy are some of the potential effects caused by fluoride ingestion. Scientists have 
discovered a link between high fluoride ingestion and the decrease in birth rates*^.
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Dental fluorosis is characterized by spotting the tooth surface or enamel. Exposure to 
high level of fluoride during this process causes a doserelated disruption of enamel 
mineralization resulting in large gaps in its crystal structure, excessive retention of 
enamel proteins and increased porosity*^. The increase in tooth porosity leads to 
structural damages^. Table 1.1 shows the data linking fluoride concentrations to dental 
fluorosis based on studies carried out in the U.S*"*.
Table 1.1 Fluoride content of drinking water and the incidence of fluorosis in the U.S*"*
Fluoride Concentration (mg/I) Severity of Fluorosis % of Population Affected
1 Mild to Moderate 1-2
2 Moderate 10
2.4 to 4.1 Moderate to Severe 33
Fluoride might cause kidney disease. The renal system is responsible for excreting most 
of the body’s excess fluoride and is exposed to higher concentrations of fluoride than 
other organs*^. Thus it might be at higher risk of fluoride toxicity. Juuti and Heinonen*^ 
found that residents living in high fluoride districts of Finland experienced higher 
hospital admission rates for kidney stones than did residents living in other areas by 16%.
Studies in China suggested that fluoride ingestion has an effect on the intelligence of 
children*^’*^ , where those who ingested high levels of fluoride (>2 mg/1) showed a lower 
IQ than children who ingested lower levels of fluoride (<I mg/1).
Incidence of acute fluoride toxicity from accidental overdoses and the ingestion of 
sodium fluoride pesticides and dental products have also been reported*^. The ingestion 
of high fluoride content products is associated with some toxic effects like vomiting, 
cramping of the arms and legs and even death.
ChapÎÊlL
Tfitroduction 
the results of studies undertaken to
Table 1.2 Effects
of Fluoride Ingestion on Human Health
ÉSëcTôn^ûmânHëâîth
Conducive to dental caries
Promotes
Fluoride Concentrations
<Ô5mgÂ
■frsTJmg/l 
TsÂ^ÔmiÂ
>AÔnïgÂ 
SÎÔmgÂ
. standards for fluoride is dependent upon climate,
The establishment of dnnkmg wa er Organization (WHO)
/I 24,25 
exceeding 1 mg/1
„  « , e d  6 . »  W«l> » “ * “  »»»>< ■
M i » » » .  “ “ ^
Chapter I ______________________     Introduction
Fluoride occurs in groundwater, but the concentration in potable water is found to be less 
than 1 mg/1 .^ The primary controls on dissolved fluoride concentrations include the types 
of source minerals, residence time and climate. However, the overall water quality (pH, 
hardness and ionic strength) also has an important role through its influence on mineral 
solubility, complexation and exchange reactions^^.
High fluoride concentrations (up to 30 mg/1) resulting from anion exchange (OH', F') 
were found in residual soils and sedimentary deposits^ '^^*. Earle and Krogh^* found a 
direct relationship between pH and fluoride concentrations vrithin their study area as a 
result of base-exchange softening.
The influence of climate on fluoride concentrations in groundwater is largely attributed to 
the effect that rainfall has on recharge rates and groundwater flow^’^ .^ Areas of high 
rainfall, such as humid tropical regions, are less likely to have high fluoride 
concentrations in groundwater because soluble ions such as fluoride are leached out and 
diluted.
As a means of combating the fluoride problems, several methods of water treatment using 
various media have been tested and a number are in use in various part of the World. 
Some of the common methods are listed in Table 1.3. Most low-technology methods rely 
on precipitation or flocculation or adsorption/ion-exchange processes.
Highly efficient methods of fluoride removal include electrodialysis and reverse osmosis. 
These methods tend to involve high technology and high cost and are therefore less 
suitable for many applications in Developing Countries.
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Table 1.3 Methods for the removal of fluoride from drinking water^^’^"*
Removal Capacity/ Working Interference Advantages Disadvantages Relative
method dose pH cost
Precipitation
Alum 150 mg/mg F Non­ Established Sludge Med-
(aluminium specific process produced. high
Sulphate) treated water 
is acidic, 
residual A1 
present
Lime 30 mg/ mg F Non­ Established Sludge Med-
specific process produced, 
treated water 
is alkaline
high
Alum + Lime 150 mg alum+ Non­ Lo'w-Tech, Sludge Med-
7 mg lime/ specific, established produced. high
mg F Optimum 
pH 6.5
process high chemical 
dose, residual 
A1 present
Gypsum+ 5 mg gypsum Non­ Simple Requires Low-
fluorite + < 2  mg 
fluorite /m g  F
specific trained
operators, low 
efficiency, 
high residual 
CaS04
med
Calcium 3 mg CaCb/ 6.5-8.0 Simple Requires Med-
chloride mg F additional
flocculent
high
Adsorption/Ion exchange
Activated Variable <3 Many Large pH High
carbon changes 
before and 
after
treatment
7
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Plant carbon 300 mg F/ kg 7 Locally
available
Requires 
soaking in 
potassium 
hydroxide
Low-
med
Zeolites 100 mgF/kg Non­
specific
Poor capacity High
Defluoron 2 360 g F/m^ Non­
specific
Alkalinity Disposal of 
chemicals 
used in resin 
regeneration
Medium
Clay pots 80 mg F/kg Non­
specific
Locally
available
Low capacity, 
slow
Low
Activated 1200 g F/m^ 5.5 Alkalinity Effective, Needs trained Medium
Alumina well
established
operators, 
chemicals not 
always 
available
Bone 900gF/m^ > 7 Arsenic Locally
available
May give 
taste
Low
Bone char 1000 g F/m^ <7 Arsenic Locally
available,
high
capacity
Not
universally
accepted
Low
Other Methods
Electrodialysis High Non­ Turbidity Can remove Skilled Very
specific other ions. 
Used for 
high salinity
operators, 
high cost, not 
much used
high
Reverse High Non­ Turbidity Can remove Skilled Very
osmosis specific other ions. 
Used for 
high salinity
operators, 
high cost
high
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1.1.2 Phosphates
Phosphates are important materials to many industries. Large quantities of them are used 
in many industrial applications like fertilizers. Other applications include detergents, food 
and drinks, metallurgy, etc. The wide use of phosphates produces large amounts of 
phosphate-bearing wastes, which are usually discharged into municipal and industrial 
water effluent streams.
Phosphate mining is also a source of rivers contamination in some areas. Phosphate 
enters the environment from rocks or deposits laid down on the earth many years ago. 
Other deposits may originate from fossilized bones. Weathering and erosion of rocks 
gradually release phosphorus as phosphate ions which are soluble in water.
Some of the side effects of phosphates on the human health are summarized as follows:
a) Inhalation: May cause mild irritation to the respiratory tract.
b) Ingestion: Phosphates are slowly and incompletely absorbed when ingested, and 
seldom result in systemic effects. Symptoms may include vomiting, lethargy, diarrhea, 
blood chemistry effects, cardiac and central nervous system effects.
c) Skin Contact: Irritant due to its acidic nature. May cause inflammation and pain on 
prolonged contact, especially with moist skin.
d) Eye Contact: May cause irritation, redness and pain.
e) Chronic Exposure: May sequester calcium and cause calcium phosphate deposits in the 
kidneys.
f) Aggravation of pre-existing conditions: Persons with impaired kidney function may be 
more susceptible to the effects of the substance.
Eutrophication is one of the most important environmental problems which occur in 
water. Phosphorus has been considered as a key element i) causing eutrophication, which 
leads to the development of aquatic plants, growth of algaes, some of them being toxic 
and ii) to balance disturbance of organisms present in water. This directly affects water 
quality through oxygen depletion, because of high biological oxygen demands and
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acidification. This affects fish and other aquatic life, microorganism and insect’s growth 
as well as it causes natural resorts degradation.
Development of technologies for phosphorus removal started in the 1950’s. Phosphate 
removal techniques fall into three categories: physical, chemical and biological. Physical 
methods have proved to be either too expensive like electrodialysis or reverse osmosis^^, 
or removing only 10% of the total phosphorus^^. Enhanced biological treatment can 
remove up to 97% of the total phosphorus, but this process can be highly variable due to 
operational difficulties^^ Chemical treatment is widely used for the removal of 
phosphates. The principles involved in the methodology/technology for the removal of 
phosphate fi-om water are now discussed.
a) Chemical precipitation
In chemical precipitation, a physical-chemical process is used, consisting of the addition 
of a divalent or trivalent metal cation salt to precipitate the insoluble metal phosphate 
which settles by sedimentation. Fig. 1.1 shows the chemical precipitation steps.
Influent Primary
Clarifier
Secondary
Clarifier
Alternative Metal 
Cation salt additionMetal Cation Salt
Rapid
Mix
Aeration
Basin
Sludge to Processing
Fig. 1.1 The application of chemical precipitation for the removal of phosphates from
water^^.
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This process consists of:
a) Primary precipitation where the chemical is measured before the primary 
sedimentation and phosphate removed in the primary sludge.
b) Secondary precipitation where the chemical is measured directly to the aeration tank 
and phosphate removed in the secondary sludge.
c) Tertiary treatment where measuring follows secondary treatment.
Although a high quality effluent is produced, this process is not favored due to high 
chemical costs and the additional chemical production (tertiary sludge).
b) Biological removal
This method has the advantage of avoiding the use of chemicals and production of excess 
of sludge. Fig. 1.2 shows the biological phosphorus removal process.
Influent Aerobic
Clarifier
Effluent
Return Sludge
38Fig. 1.2 A basic biological phosphorus removal process
This process is designed to break down and separate organic contaminants with the aid of 
microorganisms. The contaminants are converted into a biological sludge or cell mass 
and CO^. The breakdown of organic components in wastewater is a very complex process
which consists of a long series of subsidiary reactions. The rate of decomposition is 
dependent on the oxygen content, pH, microorganisms, temperature, contaminant type, 
toxic substances, treatment method and particle size^ .^
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Recent work carried out for phosphate removal involves the 1998-2008 period. This is 
describe as follows: i) In 1998"^ ° red mud (which is a waste material formed during the 
production of alumina and primarily contains ferric and aluminium oxides) was used for 
the removal of phosphate ions from water using microfiltration.
ii) In 2001, Seida and co-workers'^' used pyroaurite-like compounds for the removal of 
phosphates from water. The crystal quality of the compounds decreased with an increase 
in the contact time. The characterization of the compounds was carried out from the 
viewpoint of the crystal quality, the metal composition, the specific surface area and the 
intercalated anions of the compounds. The phosphate removal using the coagulation 
and/or precipitation process of the compounds was examined as a function of the crystal 
quality of the compounds, buffering capacity of the solution and competitive anion to 
explain the effectiveness of the compounds for removing the pollutant.
The compound with lower crystal quality appears to be effective for the phosphate 
removal due to its larger amount of dissolution, releasing both, metal cations and 
hydroxide ions that work as coagulant and/or precipitant for the phosphate.
iii) In 2002, iron-based layered double hydroxides were synthesized''^. The extraction 
efficiency was increased with an increase in the concentration of phosphate, and a 
decrease in the initial pH of the solution.
Above 80 % of the phosphate in the effluent was successfully removed by the compounds 
during the treatment which involves a volume of solution 3000 times larger than that of 
the compound.
iv) In 2004, Zeng and co-workers''^ synthesized iron oxide tailing. The tailings contain 
significant amounts of iron oxides that may be effective in removing soluble phosphorus. 
The initial phosphate uptake on the tailings was rapid and the adsorption rate was slightly 
higher at a higher temperature between 5 and 35 ®C.
It was found that the phosphate removal tends to decrease with the increase of pH from
8.6 mg P/g at pH 3.2 to 4.6 mg P/g at pH 9.5.
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v) In 2005, Fe (III)/Cr (III) hydroxide'''' was used for the removal of phosphate from 
wastewater. The results showed that the uptake of phosphate (mg/g) increased with 
increasing the phosphate concentration and remained nearly constant after the 
equilibrium time. The equilibrium time was found to be 30 minutes for all concentrations 
studied.
The uptake of phosphate increased from 0.38 to 1.47 mg/g as its initial concentration was 
increased from 10 to 40 mg/1. Maximum removal occurred at pH 4.
vi) In 2006, a new material containing dimethyl aminohydroxy propyl (DMAHP)''^ was 
prepared. Chemical modification on lignocellulosic materials followed by 
functionalisation was a promising technique to improve the adsorption capacity for 
phosphates as well as prevent the leaching of organic substances. It has been shown that 
when the adsorbent dose was increased from 0.5 to 3.0 mg/1, the removal percentage by 
the material increased from 55.5 to 99.7 %. An increase in initial phosphate concentration 
led to an increase in the uptake capacity of the material for phosphate.
An increase of the phosphate concentration accelerated the diffusion of phosphate from 
the bulk solution onto the material. The optimal pH range for phosphate removal was 
from 5.0 to 7.0 units.
1.1.3 Mercury
Mercury occurs naturally in the environment and can be found in elemental (metallic), 
inorganic, and organic forms. The most common natural forms of mercury are elemental 
mercury, mercuric sulfide, mercuric chloride, and methyl mercury.
Historically, mercury and its compounds have been used for industrial, medicinal, and 
cosmetic purposes. Modem uses for mercury include production of chloro-alkali, wiring 
devices and switches, measuring and control devices, lighting, and dental work. In 2004, 
the largest use of mercuiy was in wiring devices and switches (63 tons), followed by 
dental work (35 tons).
13
Chapter I _________________  ;_______________________   Introduction
Mercury and particularly the organic methyl mercury species are potent neurotoxins 
capable of impairing neurological development in fetuses and young children and 
damaging the central nervous system of adults''^. People are exposed to methyl mercury 
primarily by eating contaminated fish.
Children exposed before birth have an increased risk of poor performance on 
neurobehavioral tasks, such as those measuring attention, fine motor fimction, language 
skills, visual-spatial abilities and verbal memory. Other long-term effects of methyl 
mercury poisoning are loss of appetite, diarrhea, gum inflammation, lack of coordination 
of movements, impaired speech, hearing and walking; muscle weakness, memory loss 
and possible brain damage. Since women of childbearing age and infants are most at risk, 
they should eat small amounts of fish. The rest should be aware of the symptoms.
a) Environmental Occurrence
Mercury can be found in air, soil, and water. Atmospheric levels of mercury tend to be 
higher in the vicinity of active volcanoes. Coal-burning power plants emit more mercury 
to the air than other anthropogenic sources in the U.S. Once in the atmosphere, mercury 
is widely disseminated and can circulate for years, accounting for its wide-spread 
distribution. Most natural waters, including groundwater and surface waters, also contain 
naturally occurring mercury in the low micrograms per liter (pg/1) range (depending on 
the types of rock the water flows through), with freshwater concentrations reported as 
high as 70 pg/f^. Inorganic mercury in the atmosphere that is deposited in water has the 
potential to be converted to methylmercury, which tends to bioaccumulate in fish and 
animals''^.
At waste sites, mercury occurs in various media, including soil, groundwater, sediment, 
sludge. An organic form of mercury has been used as a preservative in a number of drugs 
and can be found in waste streams from hospitals, clinical laboratories, and 
pharmaceutical industries.
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Eight technologies have been identified to treat mercury-contaminated soil, waste, and 
water at full or pilot scale. Table 1,4 summarizes the applicability of the technologies to 
mercury-contaminated media. Regardless of the technology used and the type of media 
treated, an industrial hygiene review should be conducted during the design phase for the 
treatment process and an industrial hygiene inspection should be conducted during the 
initial startup phases for any mercury treatment project.
Table 1.4 Selected Mercury Treatment Technologies
Technology Description Matrix
Characteristics
Operating
Parameters
Technologies for Soil and Waste Treatment
Solidification/ Most frequently used technology for soil * pH of the media * Type of
Stabilization and waste contamination. Physically 
binds or encloses contaminants within a 
stabilized mass and chemically reduces 
the hazard potential of a waste by 
converting the contaminants into less 
soluble and mobile.
* Presence of 
organic compounds
* Particle size
* Moisture content
* Oxidation state of 
mercury
binder and 
reagent 
* Mixing of 
waste and 
binder
Soil Washing/ 
Acid Extraction
Uses the principle that some 
contaminants preferentially adsorb onto 
the fines fraction of soil. Acid extraction 
uses an extracting chemical, such as 
hydrochloric acid or sulfuric acid. It is 
less effective for soils with high organic 
content because organic compounds tend 
to interfere with contaminant desorption.
* Soil homogeneity
* Presence of 
organic compounds
* pH of the media
* Particle size
* Moisture content
* Temperature
Thermal Application of heat and reduced pressure * Presence of * Residence
Desorption/ to volatilize mercury from the organic compounds time
Retorting contaminant medium, flowed by 
conversion of the mercury vapors into 
liquid elemental mercury by 
condensation. Off-gases may require 
further treatment through additional air 
pollution control devices such as carbon
* Particle size
* Moisture content
* System 
throughput
* Temperature 
and pressure
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units. It is not suitable for soils with high 
clay or organic content.
Vitrification High temperature treatment that reduces * Particle size * Temperature
the mobility of metals by incorporating * Moisture content
them into a chemically durable, leach- * Subsurface air
resistant, vitreous mass. The process also pockets
may cause contaminants to volatilize. * Presence of
thereby reducing their concentration in organic compounds
the soil and waste.
Technologies for Water Treatment
Precipitation/
coprecipitation
Uses chemical additives to: (a) transform 
dissolved contaminants into an insoluble 
solid, or (b) form insoluble solids in 
Avhich dissolved contaminants are 
adsorbed. The insoluble solids are then 
removed from the liquid phase by 
clarification or filtration. It is more cost- 
effective in large scale where labor costs 
can be spread over a larger amount of 
treated water produced._______________
* pH of media
* Presence of other 
contaminants
* Chemical 
dosage
Adsorption Concentrates solutes at the surface of a 
sorbent, thereby reducing their 
concentration in the bulk liquid phase. 
The adsorption medium is usually packed 
into a column. Contaminants are 
adsorbed as contaminated water is passed 
through the column. Small-capacity 
systems using these technologies tend to 
have lower operating and maintenance 
costs and require less operator expertise. 
Adsorption tends to be used more often 
when mercury is the only contaminant to 
be treated. It is generally used for 
relatively smaller systems, and as a 
polishing technology for the effluents
* Presence of other 
contaminants
* pH of media
* Fouling of 
adsorption 
media
* Flow rate
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from larger systems.
Membrane Separates contaminants from water by * Molecular weight * Type of filter
Filtration passing the water through a semi- of contaminants * Pressure
permeable barrier or membrane. It is 
effective for the treatment of mercury but 
is used less frequently because its costs 
tend to be higher and it produces a larger 
volume of residuals than other mercury 
treatment technologies.
* Temperature
* Presence of other 
contaminants
* Temperature
Biological It involves the use of microorganisms * pH of media * Available
Treatment that act on contaminant species or create * Presence of other nutrients
ambient conditions that cause the 
contaminant to leach from soil or 
precipitate/coprecipitate from water.
contaminants * Temperature
1.2 Transport and chemical reactions of water pollutants
Many chemicals undergo reactive decay or changes especially over long periods of time 
in groundwater reservoirs. A class of such chemicals are the chlorinated hydrocarbons 
such as trichloroethylene and tetrachloroethylene used in the dry cleaning industry. Both 
of these chemicals, which are carcinogens themselves, undergo partial decomposition 
reactions, leading to new hazardous chemicals (including dichloroethylene and vinyl 
chloride).
Groundwater pollution is much more difficult to reduce than surface pollution because 
the former can move great distances through unseen aquifers. Non-porous aquifers such 
as those built with clays partially purify water of bacteria by simple filtration (adsorption 
and absorption), dilution, and in some cases, chemical reactions and biological activity. 
However, in some cases, the pollutants can be purely transformed to soil contaminants.
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Having described some aspects of environmental pollution in the next section the 
relevance of Supramolecular Chemistry is discussed given that most of the work involved 
in this thesis is related to this area of research.
2. Chemistry and Supramolecular Chemistry
The history of chemistry is long and convoluted. It begins with the discovery of fire; then 
metallurgy which allowed purification of metals and the making of alloys, followed by 
attempts to explain the nature of matter and its transformations. Chemistry begins to 
emerge when a distinction was made between Chemistry and Alchemy by Robert Boyle 
in his work The Sceptical Chymist (1661).
Chemistry then became a full-fledged science when Lavoisier developed his laws of 
conservation of mass, which demanded careful measurements and quantitative 
observations of chemical phenomena. While both Alchemy and Chemistry are concerned 
with the nature of matter and its transformations, it is only the chemists who apply the 
scientific method.
Supramolecular Chemistry is defined as the chemistry “beyond the molecule” and the 
chemistry of tailor-shaped intermolecular interactions. In contrast to molecular chemistry, 
which is predominantly based on the covalent bonding of atoms, Supramolecular 
Chemistry is based on intermolecular interactions'^^. The Nobel Prize was awarded in 
1987 to Cram^® Lehn^^’^ '^  and Pedersen^^’^  ^for their discovery of spherands, cryptands 
and crown ethers respectively.
In contrast to Molecular chemistry and within the context of this thesis, Supramolecular 
chemistry is based on weaker and reversible non-covalent interactions. These interactions 
(in decreasing strength order) are a) electrostatic interactions (ion-ion, ion-dipole and 
dipole-dipole interactions) b) hydrogen bonding c) tc-tc interactions and d) van der Waals 
forces'^ .^
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Fig. 1.3 shows that in Molecular Chemistry atoms interact by covalently bonding A, B, C 
and D (atoms). The receptor and substrate then bind by weak intermolecular interactions 
to form the “Supermolecule”.
Molecular
Chemistry
Formation
o f molecules
Guest
Interaction 
 ►
Intermolecular
bonds
Supramolecular
Formation of 
Supermolecules
Fig. 1.3 Chemical evolution: From Molecular to Supramolecular Chemistry57
A supermolecule is characterized by:
1. The chemical nature of its components.
2. Their spatial arrangements.
3. The type of host-guest interaction.
A macrocycle is a cyclic molecule with three or more potential donor atoms in a ring of 
at least nine atoms. Macrocyclic ligands are polydentate ligands containing their donor 
atoms either incorporated in or attached to a cyclic background^^.
At the beginning of the 1960’s, the properties of macrocyclic coordination compounds 
were regarded as different and unusual. Lately, the high stability of macrocyclic
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complexes has been utilized in a wide range of technological applications. Among the 
latter, interest has centered upon the use of macrocyclic ligands for the selective 
extraction of metal cations, anions or both^ '^^  ^from water.
Calixarenes (I), calixpyrroles (II) and crown ethers (III) are some of the macrocycles 
encountered in modem Coordination Chemistry. Representative examples of each are 
shown in Fig. 1.4.
—14
(I)
CH
CH
HNNH
CH
(II)
calix[4]pyrrolej3-tert"butylcalix[4] arene 
Fig. 1.4 Structures of (I) calixarenes, (II) calixpyrroles, (III) crown ethers
(III)
18-crown-6
The remarkable expansion of the field of synthetic macrocycles has been greatly 
accelerated by the potential use of these compounds in many biological and industrial 
processes.
They have the ability to interact with neutral and ionic species due to the presence of 
holes or cavities in their structure. The strength of these interactions and the selectivity of 
the synthetic compounds towards different guests depend on many factors such as the 
size of the cavity, the nature of the donor atoms, the fimctional groups of the ligand and 
its conformation, the nature of the solvent^^ and its ability to solvate the reactants and the 
product involved in the complexation process.
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The complexation behaviour of these ligands has been extensively studied^ '^^ .^ A 
combination of spectrometric, conductometric, and potentiometric techniques can be used 
as powerful tools for the study of host-guest interactions in solution^^. However, the 
thermodynamics has an important role in understanding the factors contributing to 
complex stability and selectivity. It provides quantitative information on the strength of 
complexation between a receptor and a substrate.
The complexation properties and the thermodynamics of complexation of these 
macrocycles and their ions guests (stability constant, log Ks, standard Gibbs energies, 
AcG°, enthalpies, AcH°, and entropies, AcS° of complexation) in different media have 
been investigated and these parameters are included in a series of papers and review 
articles^ '^^ .^
Since most of the work involved in this thesis is concerned with calix[4]pyrroles ,a 
background information on these macrocycles is given in the next section.
3. Calix[4] pyrroles
3.1 History of calix[4]pyrroles
Calixpyrroles are an old class of macrocycles, first synthesized by Baeyer using the 
condensation of pyrrole and acetone^^ Dennstedt and Zimmermann also studied this 
reaction, using chloro-zinc as the acid catalyst^ '^^^. This was followed by the work of 
Chelintzev and Tronov^°. These authors repeated these reactions and proposed a cyclic 
tetrameric structure for calix[4]pyrrole because of their resemblance in shape to 
c a l i x a r e n e s ^ T h e  same authors carried out several other reactions including an acid 
catalyzed condensation of pyrrole with methyl ethyl ketone. In the 1950s, Rothemund 
and Gage^^ used methane sulfonic acid as the acid catalyst and obtained an improved 
yield. The first report for the synthesis of modified calixpyrroles was in 1955 by Brown
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The interest in these macrocycles was renewed in the 1990s by the extensive work of 
Floriani and coworkers^^ on the metallation and synthetic chemistry of deprotonated 
calixpyrroles. Recently, calixpyrroles have been noticed for their recognition of anionic 
guests. The NH array present in these species can act as a binding site for anionic and 
neutral guest species^ '^^^. The conformational flexibility and H-bonding ability of 
calix[n]pyrroles allow species to be held strongly by multi-point, non-covalent 
interactions.
In 1996, Sessler and co-workers^^ reported that calix[4]pyrrole derivatives are not only 
effective anion-binding ligands but also selective ones. They showed a marked preference 
for F" relative to other anion guests (CF, Br', T, H2 PO4 ' and HSO4 ").
According to Schmidtchen^®, the selectivity of calixpyrroles for fluoride over chloride 
was overestimated. He concluded that the description of calix[4]pyrrole as fluoride 
receptors appeared to be unjustified due to the fact that the specificity of fluoride in 
dichloromethane is compromised and vanishes in polar solvents like acetonitrile and 
dimethylsulfoxide.
It was in 2003 that the first detailed thermodynamic study on the calix[4]pyrrole-anion 
complexation processes was investigated by Danil de Namor and co-workers^^, where 
every step has been taken to ensure that thermodynamic data were representative of the 
process taking place in solution.. Thus it was finally established that the calix[4]pyrrole 
was able to recognize selectively halide anions in acetonitrile and N,N- 
dimethylformamide.
3.2 Nomenclature
Gale and Sessler^^ suggested the term “calixpyrrole” to describe these macrocycles due to 
their interesting conformational behaviour that is similar to that of calixarenes. The size 
of the macrocycle is specified by a bracketed number inserted between “calix” and
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“pyrrole”, indicating the number of pyrrole units; the nature and bridging substituents are 
specified by appropriate prefixes. Some representative examples are shown below (1-6)
CH
CH
HNNH
CH
CH
OH
Meso-octamethylcalix[4]pyrrole
CH
NH HN
iCH.
HO
OH
4-aapp meso-tetramethyl-tetrakis- 
(3-hydroxyphenyl)calix[4]pyrrole
Meso-tetramethyl-tetrakis-(4-
hydroxyphenyl)calix[4]pyrrole
CK
HNNH
CKK C
HO
4
4-aPap meso-tetramethyl-tetrakis- 
(3 -hydroxyphenyl)calix[4]pyrrole
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5
Meso-tetramethyl-tetrakis- 
{4-[2-(ethylthio) ethoxyjphenyl}calix[4]pyrrole
CH
HN
A NH
Meso-tetramethyl-tetra[N-(2-phenoxyethyl)- 
N ’ -phenylurea]calix[4]pyrrole
Fig. 1.5 Structures of calix[4]pyrrole derivatives.
Fig. 1.5 shows the actual name of the calix[4]pyrrole derivatives . The chemical 
modification of these ligands was achieved by the attachment of different substituents to 
the hydroxyl group of 2. Meso alternation of calix[4]pyrrole was also used to produce 
new calix[4]pyrrole derivatives.
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3.3 Stereochemical properties of the calix[4]pyrroles
Stereochemistry involves the study of the relative spatial arrangement of atoms within 
molecules. An important branch of stereochemistry is the study of chiral molecules. 
Stereochemistry is a hugely important facet of chemistry and the study of stereochemical 
problems spans the entire range of organic, inorganic, biological, physical and 
supramolecular chemistries.
Calix[4]pyrrole does not exist in one single conformation in solution in their free state. 
There is no intramolecular hydrogen bonding to give rigidity to the molecule. Four 
different conformations have been found for calix[4]pyrrole as shown in Fig. 1.6.
The calix[4]pyrrole adopts one of the conformations illustrated in Fig. 1.6 depending on 
the solvent from which this is recrystallised. This is attributed to the ability of the solvent 
to act as a hydrogen or non hydrogen bonding solvent. Upon complexation with anions, 
calix[4]pyrrole adopts the “cone” conformation in which the four pyrrolic protons (NH) 
direct themselves towards the guest leading to hydrogen bond formation^ \
NH NH NH
NH
NH NH
NH
NH
Cone Partial cone 1,2-altemate 1,3-alternate
Fig. 1.6 Schematic representation of different calix[4]pyrrole conformations.
3.4 Functionalisation of Calix[4] pyrrole
Calix[4]pyrroles have attracted considerable interest because of their easy procedure of 
synthesis and the wide range of possible modifications. Some of their properties are as 
follows:
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a) Calix[4]pyrrole has three positions in its structure that can be separately modified 
with different functional groups (C-rim, N-rim and the meso position) as shown 
below.
C-rim
CH
CH
N-rim
Meso-position
R
CH
NH HN
CH
CHCH
CH CH
N-R R -N
CH
CHCH
NH HN
C-rim modification N-rim modification meso-position
b) Separate chemical modification to each rim can be used to incorporate functional 
groups and provide additional binding sites which can be used to synthesize 
derivatives that can selectively interact with different species on these rims.
c) The size for encapsulation of the anion can be modified by changing the number 
of pyrrole units (n) in the calix[n]pyrrole. The number of these units can be varied 
to accommodate larger anions.
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Unlike calixarenes and resorcinarenes, calix[4]pyrroles are characterized by the lack of 
cavities that enable these ligands to be flexible in solution. This property ignited the idea 
of introducing a “built in” cavity or rigid walls into the framework of these macrocycles 
to see its effect on the binding process.
3.4.1 Modification of the C-rim
The first modification of the meso-octamethyl calix[4]pyrrole at the C-rim was carried 
out in 1997 when this ligand was reacted with n-butyllithium. This was followed by the 
subsequent addition of ethyl bromoacetate to give mono and poly alkylated calixpyrrole 
at the p pyrrolic site. This helps the introduction of a wide variety of functional groups 
into this site. This is a useful step in terms of applied research based on these ligands. 
Indeed it facilitates the attachment of calix[4]pyrrole to solid supports. (Fig. 1.7)
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MeO OMe
NH HN
N=N
Ar
8 Ar=p-CgH4Br
9 Ar=p-CgH^N02
10 Ar=CcFc
NH
NH
11 R= CHO
NC
CN
12 R=
13 R=
Fig. 1.7 C-rim modified calix[4]pyrroles.
14 R=
15 R= H
3.4.2 Modification of the N-rim
The modification of the N-rim of calix[4]pyrroles has been reported by Takata and co- 
workers^^. The reaction of meso-octaethylcalix[4]pyrrole with sodium hydride and the 
subsequent addition of methyl iodide in the presence of 18-crown-6 in THF yielded N- 
methylated calix[4]pyrroles. (Scheme 1.1)
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HNNH
NaH , Mel
NR18-C-6
NR-
Ri= Me , Rg= H , Rg= H , R^= H 
Ri= Me , Rg = Me , Rg= H , H 
Ri= Me , Rg = H ,Rg = Me , R^= H 
Ri= Me , Rg= Me ,Rg = Me , R^= H 
Ri= Me , Rg= Me , Rg= Me , R^= Me
Scheme 1.1 Synthetic procedure of N-rim calix[4]pyrrole derivatives.
Lee and Lindsey^^ in 1994 and Jang^ "^  in 2000 have introduced sulfur atoms through the 
replacement of pyrrole by thiophene units as shown in Fig. 1.8.
CH,HN HNNH NH
CH.
CaIi)(3]thieno[1]pyrrole Cali>(2]thieno[2]pyrroIe
Fig. 1.8 Calixthienopyrrole derivatives.
KNklirTBthylCaIi)(2]thieno[2]pyrrole
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3.4.3 Modification of the meso position
Modification of the meso position of calix[4]pyrrole is considered to be the most 
desirable approach for the synthesis of derivatives. This can be achieved by the 
condensation of different ketones with pyrrole in acidic media. Mono, di and tri 
fiinctionalized derivatives can be obtained by controlling the amount of ketone added in 
the reaction mixture. Their separation is achieved by chromatographic techniques.
16
NH HN
17 n=2
18 n=3
Fig. 1.9 Calix[4]pyrrole fimctionalized at the meso-position
The production of an amine fimctionalized calix[4]pyrrole was carried out by Sessler and 
co-workers*^. This was used later on as a synthetic precursor to fluorescent 
calix[4]pyrrole anion sensors.
A double cavity calix[4]pyrrole derivative (6)*  ^ (Scheme 1.2) to increase the interaction 
of calixpyrroles toward the anion guests has been reported. This compound was 
synthesized and studied by Ungaro*^ in 1980’s and Danil de Namor** in 1990’s.
The first report on the solubility of calix[4]pyrroles in different solvents was published by 
Danil de Namor and co-workers^^ and this is discussed in the next section.
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OH
fSbh
N
ThF
N
NH
NH
DIVF
O
N
ThF UAIH
+
NK
Scheme 1.2 Synthetic procedure for the preparation of 6.
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3.5 Solubility of Calixpyrroles
Examination of data in Table 1.5, shows that the parent calix[4]pyrrole (1) is soluble is 
almost all the organic solvents at 298.15 (Table 1.5) and does not undergo selective 
solvation in these solvents. This is reflected in the AtG° (mbcn^ s) (Table 1.7) values which 
do not change significantly and are close to zero in most solvents.
Table 1.5 Solubilities (mol dm" )^ of calix[4]pyrroles in various solvents at 298.15
jr77,89,105,106,107
Solubility (mol dm'^)
Solvent” 1" 3^ 5^ 6"
MeCN 1.39 X  10'^ 9.45x10-^ 4.09 X 10’’ 4.05x10'^ Solvate “ — —
formation
MeOH 8.07 X  10’^ 7.52x10’’ 8.67x10’’ 2.98x10'^ 1.3x10’’ ---
EtOH 6.27x10-’ 3.63x10’’ 1.44x10’’ 5.18x10'^ --- ---
DMF 1.36x10"’ Solvate Solvate Solvate Solvate 1.80x10’’
formation formation formation formation
DMSO 1.38x10’’ Solvate Solvate Solvate Solvate 1.73x10’’
formation formation formation formation
PC 1.40 X 10"’ Solvate Solvate Solvate 2.64x10’’ 1.95x10’’
formation formation formation
 ^ Abbreviations: MeCN, acetonitrile; MeOH, methanol; EtOH, ethanol; DMF, N,N- 
dimethylformamide; DMSO, dimethyl sulfoxide; PC, propylene carbonate.
 ^See structures in pages 23 and 24 of this thesis.
Compounds 2, 3 and 4 are derivatives of 1 with the introduction of the phenol group into 
the structure which has changed the solvation of these macrocycles in these solvents^^. 
These ligands undergo solvate formation in N,N-dimethylformamide (DMF), dimethyl 
sulfoxide (DMSO) and propylene carbonate (PC) (Table 1.5) which prevent the
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derivation of the standard Gibbs energy of solution of these ligands in these solvents 
(Table 1.6). The standard transfer Gibbs energies of these macrocycles from acetonitrile 
to other solvents are reported in Table 1.7.
Table 1.6 Standard Gibbs energies of solution of calix[4]pyrrole and its derivatives in 
various solvents at 298.15 K.
AsG® (kJ mol"^)
1 2 3 4 5 6
Solvate
MeCN 10.60 17.26 13.63 13.66 formation - —
MeOH 12.57 8.22 10.51 7.34 16.51 -------
EtOH 11.95 6.41 6.06 8.71
Solvate Solvate Solvate Solvate
DMF 10.65 formation formation formation formation 15.67
Solvate Solvate Solvate Solvate
DMSO 10.62 formation formation formation formation 15.76
Solvate Solvate Solvate
PC 10.58 formation formation formation 9.01 15.47
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Table 1.7 Derived standard transfer Gibbs energies from acetonitrile to other solvents at 
298.15 K.
&G fMeCN-^s) (kJ mol' )
MeCN 0.00 0.00 0.00 0.00 --- ---
MeOH 1.97 -9.04 -3.12 -6.32 --- ---
EtOH 1.35 -10.85 -7.57 -4.95 --- ---
DMF 0.05 Solvate Solvate Solvate
formation formation formation
DMSO 0.02 Solvate Solvate Solvate
formation formation formation
PC -0.02 Solvate Solvate Solvate — — —
formation formation formation
The high solvation of these ligands in protic solvents (methanol and ethanol) relative to 
acetonitrile was due to the ability of these solvents to form hydrogen bonds with the OH
of the phenol group^^. This is reflected in the negative (MeCN-.s) values of these 
ligands in transfers to MeOH and EtOH.
Due to the low solubility of 5 and 6 in several solvents, this investigation was limited to 
one protic (MeOH) and one dipolar aprotic solvent (PC) in the case of ligand 5. For 6, its 
solubility could be measured only in dipolar aprotic media (DMF, DMSO, PC).
The similar AgG® values obtained for 6 and consequently AtG® (Table 1.6) show that this 
ligand does not undergo selective solvation in these solvents.
A similar behaviour was observed for 3 and 4. These ligands have similar functional
groups to those found in 2. The negative AtG® (MeCN-*s) values for this ligand in its transfer
to MeOH and EtOH reflect the high interaction of this ligand in these solvents relative to 
acetonitrile.
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3.6 Interaction of calixpyrrole with anions
Over the last 30 years, anion complexation has received little attention as compared with 
cation complexation. The interest of amon coordination has become more widespread due 
to the recognition of the important role that anions play in biology^°'^\ medicine^^, 
catalysis^^ and environmental chemistry^" '^^ .^
Recent work is being devoted to the problem of anion complexation and recognition. In 
general, the ligand is expected to provide active sites in which the guest molecule is 
accommodated. Therefore, these sites should contain functional groups to interact with 
the guest. Anions tend to interact with the ligand through H-bond interactions.
In 1990 Sessler el demonstrated that protonated sappyrin (Fig. 1.9) binds more 
strongly to fluoride ions than to chloride or bromide anions.
NH+ NH+.
Fig. 1.9 Structural formula of protonated Sapphyrin.
Progress in this field was made by the discovery that pyrrole-based analogues of 
calix[4]arenes such as calix[4]pyrroles were capable of anion binding^^. The first anion 
recognition characteristics were reported by Sessler et al in 1996^^ The interest in 
calixpyrroles came from the discovery that the NH array present in these species can act 
as an anion binding site^ .^
Interaction of calix[4]pyrroles with anions was studied by various methods NMR, 
spectroscopy, conductance and calorimetry
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3.6.1 H NMR Studies
Proton NMR studies were performed in order to assess the affinity of the calixpyrrole 
receptors for anions and to obtain information regarding the sites of interaction of these 
ligands with their targets.
Table i,g7%89,ioo the chemical shift changes found upon the addition of an
excess amount of anion salts (as tetra-n-butyl ammonium) to calix[4]pyrrole compounds 
relative to the free ligand in acetonitrile-dg.
The data revealed that the calix[4]pyrroles are selective for anions and show a marked 
preference for the fluoride anion relative to other anions (chloride, bromide, iodide and 
dihydrogen phosphate). The most significant changes are observed for the NH proton of 
the pyrrole units, indicating that the interaction between these ligands and the anions 
occur through this site^^’^ .^
Complexation studies involving 2 and anions in acetonitrile- dg (Table 1.8) indicated that 
this ligand interacts selectively with F‘ and H2PO4"; No significant chemical shift changes 
were observed for other anions^® .^
The most significant changes in the ^H NMR for 3 and anions in acetonitrile-ds at 298 K 
were observed for the NH and OH protons. The de-shielding of the Hni proton indicates 
that the amons tend to interact with it. Hn2 proton experiences a shielding effect upon 
complexation with these anions. This behaviour suggested that conformational changes in 
the ligand are taking place upon complexation. The ligand 4 shows a selective trend with 
the halide anions with the higher selectivity observed for the fluoride anion^^.
The data listed in Table 1.8 show that as far as 5 is concerned among the investigated 
anions, only the presence of fluoride leads to significant chemical shift changes in the 
pyrrolic and aromatic protons by the addition of fluoride to the ligand^® .^
Conductometric studies aiming to establish the composition of the anionic complexes are 
discussed in the next section^^’^ .^
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Table 1.8 Chemical shift changes of caIix[4]pyrrole derivatives upon complexation with 
anions in acetonitrile- ds at 298 x^ 77,86,89,ioo
A6 (ppm)
Hn Hi H Pyrr Haromatic OH CHs
F'
Cl'
Br'
^  H2PO4- 
HS04’
NO3'
5.18
3.61
3.16
3.80
1.26
1.94
-0.28
-0.26
-0.24
-0.38
- 0.11
-0.16
0.15
0.24
0.27
0.15
0.04
0.06
4.47 -0.30 0.15
0.47
-0.04
- 0.02
Cl'
Br'OH
0.12
0.09
0.08
0.12
0.17
-0.31
-0.33
-0.25
-0.28
1.89
0.77
HSO4" 0.14 - 0.20
F'
Cl'
Br'
I-
H2PO4-
HSO4'
5.48
2.08
1.00
0.10
0.22
0.69
0.12
0.00
0.12
0.01
- 0.11 - 0.12
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3.6.2 Conductometric Investigations
Conductance measurements have proved to be useful for^^’^ :^
i) Recogmzing the concentration range over which the free and complex electrolytes are 
predominately as ionic species in solution.
ii) The determination of the composition of the amonic complexes in the appropriate 
solvent. This was obtained from a plot of the variation of electrical conductance of the 
ionic solution when titrated with a solution of the neutral receptor against ligand: anion 
concentration ratio. This variation in conductance resulted from the different mobilities of 
the free and the complex ion.
In general, plots of small slope indicate that little or no complexation has occurred. A 
noticeable change indicates moderate complexation. If a sharp break is observed, this 
implies the formation of a highly stable complex. An illustrative example of 
conductometric titration curves showing the molar conductance as a function of the 
ligand: anion ratio is given in Fig. 1.10. This figure demonstrates the selective behaviour 
of I for the fluoride over the chloride and the bromide anions in acetonitrile.
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Fig. 1.10 Conductometric curves for the titrations of halides (F", Cl" and B r) with 1 in 
acetonitrile at 298.15
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The conductometric titration of F‘ with 1 (Fig. 1.10) showed two straight lines 
intersecting at the 1:1 stoichiometry of the complex indicating the formation of a highly 
stable complex relative to chloride (change in curvature, moderate complexation) or 
bromide (small slope, weak complex).
The slope of the conductometric titration curve gives information not only of the strength 
of complexation but also about the degree of solvation of the free anion relative to the 
complex ion. If an increase in conductance is observed upon complexation, this may 
indicate that the free anions are more solvated than the complex ion or the initial 
electrolyte undergoes ion pair formation in this solvent. Therefore the mobility of the 
former is lower than the latter.
The conductance behaviour observed for titrations involving halide anions with ligand 1 
reflects a decrease in the molar conductance values upon complexation. This was 
attributed to the increase in the size of the anion in moving from the free to the complex 
state, which results in a lower mobility of the complex relative to the free anion and 
consequently a decrease in conductivity.
3.6.3 Thermodynamics of Complexation
Stability constants (expressed as log Ks) and derived standard Gibbs energies, AcG®,
enthalpies, AcH , and entropies, AcS  ^of calix[4]pyrrole derivatives and anionic guests in 
different solvents at 298.15 K are listed in Table 89,101-103
Titration calorimetry was used to obtain log Ks and AcH values. The noticeable feature of 
the data is the selective behaviour of the calixpyrrole derivatives for the halides anions in 
different solvents. The receptors are able to recognize selectively these anions in the 
following sequence:
F‘> C r > B f  > r
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It was therefore concluded that these ligands are more selective for fluoride relative to 
chloride, bromide and iodide in acetonitrile and methanol. Few data were reported in 
solvents of low dielectric constants such as dichloromethane due to the low solubility of 
anion salts in these solvents and the problem arising from ion-pair formation. On the 
other hand, calix[4]pyrrole derivatives were also able to differentiate between the fluoride 
and dihydrogen phosphate. A representative example is that involving 3. This ligand was 
found to be more selective for the dihydrogen phosphate than for the fluoride anion in 
acetonitrile^^. The orientation of the phenol group in 3 changed the affinity of this isomer 
towards the dihydrogen phosphate over the halides. The selectivity and the capacity of 4 
to interact with fluoride anion is enhanced. The interaction of 4 with fluoride is greater 
than that with the dihydrogen phosphate anion. The explanation of this behavior was 
inferred for the NMR data reported for the complexation of these ligands (3 and 4) 
and amons in CD3CN where the signal for the OH protons of ligand 3 is missing in the 
spectra related to the complexation with F', but it is clearly present in all the spectra of 4. 
It was concluded that after anion complexation, the OH groups of 3 in CD3CN are driven 
closely to each other as to stimulate the formation of intramolecular hydrogen bonding, 
which would cause a more pronounced deshielding effect on this proton resulting in its 
drift out the range of the spectra. It was stated that the involvement in hydrogen bonding 
decreases, the ability of OH protons to complex a second anion. This was not the case for 
4 as the ^H NMR does not give evidence for an intramolecular hydrogen bond between 
OH protons, hence rendering these protons free to host a second fluoride anion.
The stability constant values for the complexation process between 2 and the anions in 
solution were found to be lower than that for 1 with the same anions in the same solvent. 
This decrease was related to the introduction of the phenol group between the pyrrole 
rings. Two main factors were claimed to affect the complexation; the first one is the steric 
effect where the phenol groups form rigid walls restricting easy access of the anions to 
the pyrrole protons. The second factor was attributed to the electrostatic effect, since the 
aromatic phenol rings form an induced magnetic field which might act as a repulsive 
force for anionic species^^.
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Compound 7 displays lower stability constants than the corresponding free analogue 16 
due to the electron-donating effects of the methoxy groups (this decreases the acidity of 
the pyrrole NH protons and therefore lowers the stability of the calix[4]pyrrole-anion 
complex)^\
The stability constants for 8, 9 and 10 (page 28) compounds are not much influenced by 
side-arm substitution in solvents such as acetonitrile. For a given anion, the values of the 
stability constants remain the same^^\
As for ligand 15, the stability constants of this ligand with anions in dimethylsulfoxide 
were found to be much lower than those obtained for the compounds 11, 12, 13 and 14 
(page 28) indicating that the substituents are playing an important role. This behaviour 
was attributed to the electron-withdrawing properties of carbonyl groups present in these 
ligands^® .^
The introduction of a spiro-cycloalkyl substituent (16, 17, 18) was found to reduce the 
amon binding affinity of these receptors. It was found that the binding properties increase 
in the order 1 > 16 > 17 > 18^° .^ (structures page 30)
The thermodynamic parameters of complexation of the fluoride anion and 5 reflect that 
both the enthalpy and entropy contribute favorably to the Gibbs energy of the process. 
The absence of complexation between 5 and other halide anions was attributed to the 
bulkiness of the pendant arm which was likely to exert steric effects on the NH groups of 
the pyrrole rings and hence altering its binding ability.
41
Chapter I Introduction
Table 1.9 Thermodynamic parameters of complexation of calix[4]pyrrole derivatives 
with anions in different solvents at 298.15
Ligand Anion L:X’ logKs AcG^(kJmor') AcH"(kJmo^) AeS^J mof'K*')
Acetonitrile
1 F' 6.21" -35.4 -43.5 -27
cr 4.70 -26.8 -44.7 -60
[m w Er­ 3.65 -20.8 -30.7 -33
U'U-cy 
f  (4j  % l' 1.55 -8.8 -4.0 15
H2PO4- 1:1 5.00^ -28.5 -48.1 -66
HPzOv -^ 1:1 4.17 -23.82 -89.5 -220
2:1 4.44 -25.33 -184.2 -532
9
"0
OH
Cl"
Br
H2PO4'
5.44
3.82 
3.20
4.82
-31.1
- 21.8
-18.2
-27.5
-32.4
-20.5
-15.4
-32.1
-5
5
9
-15
3 p- 2.95" -16.8 -96 -267
0
3.08^ -17.6 -97.1 -267
c r 2.36" -13.5 -55.9 -142
11 /
0 ^
r 2.59^ -14.8 -55.46 -136
0 Br- 1.61^ -9.2 -58.6 -166
H2PO4' 1:2 6.1 -34.97 -47.2 -41
HP2 0 7 -^ 6.81 -38.87 -166.0 -426
p- 1:1 5.00 -28.5 -31.4 -10
1:2 4.72 -27.0 -61.5 -116
cr 2.43" -13.9 -86.4 -244
2.36*' -13.5 -86.3 -244
H2PO4- 1:1 4.80 -27.4 -20.2 25
1:2 4.66 -15.2 -29.9 -50
HP2 0 7 -^ 7.22 -41.2 -148.6 -360
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4.81 -27.5 -16.4 37
8 c r 3.51
2.01
3.67
9 c r 3.48
Br
H2PO4-
2.51
3.32
10 cr
Br"
H2PO4-
Br"
H2PO4-
3.23
3.87
Dichloromethane
7 P-
cr
2.23
<1
8 cr 2.57
1.28
3.10
10 cr
Br'
H2PO4-
NO3-
3.10
2.29
4.45
2.87
16 F'
cr
H2P04'
3.55
2.06
<1
11 c r
Dimethylsulfoxide
1.48
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Br-
H2PO4-
HSO4-
<1
1.58
<1
cr 2.07
12 Br <1
H2PO4' 2.29
HSO4' <1
13 c r 1.97
Br- <1
H2PO4" 2.24
HSO4' <1
14 cr 2.13
Br- <1
H2PO4- 2.28
HSO4- <1
15 cr 1.23
Br- <1
H2PO4- 1.30
HSO4- <1
Methanol
17 p- 3.01
cr 2.31
Br- 2.03
18 F 3.02
c r 2.38
Br- 2.08
® Competitive calorimetry 
 ^ Microcalorimetry (THAM) 
® Macrocalorimetry
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3.7 The medium effect of the complexation of calix[4]pyrroles with the anions
The variations observed in the thermodynamics of complexation of calix[4]pyrroles and 
with amons as a result of the medium effect are controlled by the solvation changes that 
reactants and the product undergo in moving from one solvent to an othe r ^Thes e  
differences in solvation are reflected in the thermodynamic parameters of transfer, AtP° 
C^~G, H, S) for the reactants (ligand and amons) and the product (anion complex) from a 
reference solvent, si to another solvent, s%. The relationship between these parameters and 
the thermodynamics of complexation, AcP°, in these solvents is shown in this eq. 1
AcP“ (Si) - AcP" (S2)  =  AtP“ (CP)(si^S2) + AtP" (X ')(si^S2) - A,P" (CPX) 1
A general example of the thermodynamic cycle is represented in eq. 2 
CF(s,)+X~ (s, ) —M L ^ cP X -(j.)
A./r“ 2
T r^ r
CP{s,)+X-(s^)—^^^CPX-(s^)
The two horizontal arrows of eq. 2 represent the complexation process, AcH°, between the 
ligand and the anion in two different solvents (si and s%). The vertical arrows that link the 
two processes represent the enthalpy of transfer, AtH°, for each of the reactants and the 
product from one solvent (si) to another (s%). The most favorable solvent for 
complexation is that which offers the poorest solvating medium for the reactants and the 
strongest solvating medium for the complex^
Danil de Namor and co-workers^^’^ °°’^ °^ '^ °^  reported the medium effect of the 
calix[4]pyrroles with anions in different solvents. An example is illustrated in eq.3.
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\{MeCN ) + F-{M eCN  )
-43.51/mo/-' ■>\F-{MeCN)
AtH“ AtH° A,H° 3
9.4 kJ mol'* -41.7 kJ mof* -16.2 kJ m ol'
T ’^ 1
This cycle shows that the higher enthalpic stability of the complexation process in MeCN 
relative to DMF is attnbuted to the favorable contribution of the free anion overcoming 
those for the ligand and its complex (unfavorable for complexation in MeCN)^^.
The unportance of obtaining data for the coordination process has been previously 
discussed by Daml de Namor et It provides information regarding the host-guest 
interaction where all compounds are in their solid state. For a given anion and ligand, the 
AcoordH®, should be the same independently of the solvent from which is derived. The 
calculation of AcoordH® provides a suitable check for the accuracy of the data. A general 
example of the thermodynamic cycle of coordination is represented in eq. 4
CP {sol.)+ M X  {sol.)— - Cf  - X  {sol.)
4
t  ^ 1
C P { s )+ X -{ s )+ M \s ) A.//' ->M^+CPX-{s)
In eq. 4, (CP); (MX); (M-CP-X); (X ); (MT ;^ (CPX ) are the ligand, the salt, the complex, 
the anion, the counter-ion and the ionic complex repectively while sol. and s denote the 
solid and solvent respectively.
Having reviewed previous thermodynamic studies on calixpyrrole and its derivatives with 
anions in different media, the next section describes some of the applications of these 
macrocycles.
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3.8 Calix[4]pyrroles and their applications
Recent and advanced studies on the use of calixpyrroles are ion-selective electrodes, the 
development of optical sensors which enable rapid detection of fluoride in water and 
calix[4]pyrrole based materials and their applications in solvent extraction technology.
3.8.1 Ion-selective electrodes
An ion-selective electrode (ISE) is a transducer (sensor) which converts the activity of a 
specific ion dissolved in a solution into an electrical potential which can be measured by 
a voltmeter or pH m e t e r T h i s  is a convenient method for characterizing the substrate 
binding characteristics to the receptors. It provides information regarding thermodynamic 
constants, e.g. stability constants of complexes, acid-base equilibrium constants of 
organic compounds.
As recognition reagents in electroanalysis, calix[4]pyrroles became of some interest to 
many researchers^ PVC based ion-selective electrodes containing meso-octamethyl 
calix[4]pyrrole have been prepared and their response towards anionic guests have been 
studied^ The results showed that at low pH the calixpyrrole macrocycles act as anion 
binding agents and an increase in their response to hydrophilic anions (e.g.H2P04‘ and F") 
was observed. At high pH, they coordinate hydroxide anions and show responses 
reflecting both anion binding and anionic analyte counter cation attraction.
3.8.2 Calixpyrrole based sensors
The synthesis of new molecular devices designed to sense and report the presence of a 
particular substrate is an area of analytical chemistry that is attracting intense current 
interest^^. Optical sensors result fi*om the combination of a receptor and a reporter. 
Changes in the absorption or emission properties resulting from the receptor-substrate
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binding process allow the detection of the substrate. The two main approaches that have 
been used in the production of calix[4]pyrrole based optical anion sensors are**®’^ ^^ :
a) The covalent attachment of a colorimetric or fluorescent receptor group to the 
calix[4]pyrrole skeleton. During anion complexation, the perturbation of the electronic 
properties of these reporter groups emits a response which is detected by visual or 
fluorescence means
b) A displacement based strategy has been used to produce a very simple and effective 
colorimetric halide sensor system* It utilizes the intense yellow color of the 4- 
nitrophenolate anion which fades and disappears upon complexation with 1. This allows 
the 1-4-nitrophenolate complex to be used as a colorimetric displacement agent. Then the 
fluoride anion replaces the 4-nitrophenolate j&om the complex and a reappearance of the 
yellow color is observed. The intensity of the yellow color observed is a relative measure 
of the affinity of the calixpyrrole for the analyte anion* **. (Fig. 1.11)
N O ,
O
Y ellow C o lo r le ss
m
N H
N O .2
F - m
N H
Y ello w
Fig. 1.11 Displacement -based mechanism of the colorimetric sensor.
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Anthracene derivatives were used as signaling devices (19-21) with octamethyl- 
calix[4]pyrroIe (1), as receptor^ (Fig. 1.12). The fluorescence of these receptors was 
shown to be quenched significantly in the presence of anionic guests (most efficiently by 
fluoride). It was found that receptor 19 was the most sensitive. This was attributed to the 
electron withdrawing effect of the directly linked amide group as well as the direct 
electronic conjugation between the anion binding site and the fluorophore.
o
NH HN
19
NH HN O
21
NH HN O
20
Fig. 1.12 Calix[4]pyrrole-anthracene derivatives.
3.8.3 Calixpyrrole Based Materials
Unlike calixarenes , few polymers containing calixpyrrole are reported in the 
literature^^ '^^^ .^ The resins were obtained by (i) immobilization of calixpyrrole on a cross- 
linked polymeric matrix or silica gel"^’^ ^^  (ii) condensation of calixpyrrole with 
formaldehyde to form insoluble polymeric materials^
Blasius and co-workers^ earned out pioneering work in the area of polymerisation. 
They have prepared a number of polymeric macrocyclic compounds via polymerisation 
of crown ethers with formaldehyde in formic acid. These materials were used for cation 
extraction processes. Blasius’s work has been extended to calixpyrroles by
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Kaledkowski^^^, Danil de Namor and co-workers^ where they anchored meso- 
tetramethyltetrakis (p-hydroxyphenyl) calix[4]pyrrole, 2, was anchored to the vinylbenzyl 
chloride/divinyl benzene co-polymer via the OH mioeties. Preliminary investigations 
carried out on the anion extraction properties of these materials appear to indicate that the 
modified co-polymer is able to remove 44 % of fluoride while for the condensed resin the 
percentage of fluoride removed fi-om acetonitrile solutions containing 1x 10’^  mol dm'^ of 
the fluoride salt was 88 %.
Sessler et have reported silica gel supports containing amidocalix[4]pyrrole groups 
(Fig. 1.13 a and b) for use in HPLC for amon separation. Many anions including fluoride 
were retained by these materials.
ao
a
0
Fig. 1.13 Silica based material containing amidocalix[4]pyrrole.
Danil de Namor and coworkers'^^ prepared a calixpyrrole polymer by the condensation of 
meso-tetramethyl-tetrakis-(3-hydroxyphenyl)calix[4]pyrrole with formaldehyde in basic 
medium. The experiments show that this polymer was able to extract dihydrogen arsenate 
fi-om water. The percentage of extraction of this anion increases with an increase of the 
amount of the polymer used until it reaches saturation. Extended investigations for this 
polymer were performed by Abbas*^^ for the removal of dihydrogen arsenate. The 
maximum H2ASO4" removal efficiency of the oligomeric material was 90 % at 2.5 g/1 
solid to liquid ratio while for the H2PO4" anion it was 58% at 8 g/1 ratio.
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The procedure used by Danil de Namor and Shehab^^^ for the preparation of calixpyrrole
polymers was also used by Abbas^^^ to polymerize meso-tetramethyl-tetrakis-
(thiophene)calix[4]pyrrole due to its selective interaction with mercury. Batch
experiments were carried out to investigate the removal efficiency of this material. The
maximum Hg(II) removal efficiency by the material was found to be 86 % and a capacity 
of 0.34 mmol g"\
4. SILICA
Silica was long considered to be an elementary substance because of the repeated failure 
of attempts to separate it into two or more substances of more elementary characteristics. 
It was shown to be a compound consisting of two elementary substances, silicon and
123oxygen'^\
Natural silica includes silica from two very different sources: (1) silica found in and upon 
the Earth s surface, and (2) silica found in meteorites. These two silicas are thrown 
together under the one term natural silica” because they have been found almost 
identical in composition and properties.
Silica was found in nature in several forms: quartz and sand, it has been found to be in 
more tan 35 crystalline forms. This diversity of silica requires an establishment of some 
criteria of classification. Solid silica has been classified by Unger^ "^  ^on the basis of four 
features: crystal stricture, diversity, surface composition and porosity.
Investigations have been performed to utilize mechanically stable synthetic or natural 
solid matrices for many applications, such as chemical bonded phase in chromatography, 
extraction of cations from non-aqueous solvents and catalytic or ion-exchange reactions. 
One of the important properties explored is that related to the adsorption of trace 
elements onto solid surfaces. In trace elemental studies, extractive concentration and ion- 
exchange separation techniques are the most widely used analytical methods
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Methodologies involving unpregnated resins and chelating polymeric resins were used 
with substantial attention for the extraction of metal ions from aqueous solution and 
wastewater^^^’^ ^l The chelating groups are either impregnated into the pores of the solid 
polymeric matrix of the resin or covalently bonded to the polymeric surface. They are 
incorporated into the ion-exchange resin or other polymeric surfaces to improve the 
selectivity of the resin or the polymeric surface. The insertion of a given functional 
groups into the polymeric matrix makes them capable of reacting with metal ion species 
under certain favorable conditions.
The main disadvantages exhibited by polymeric resins are: slow kinetics, irreversible 
uptake of orgamc, swelling and loss of mechanical stability in modular operations. These 
problems led to the use of inorganic supports instead of polymeric resins. Some of the 
advantages of inorganic supports (silica based materials) are^^ ’^^ ®^:
• Good selectivity
• No swelling
• Rapid sorption of metal ions
• Good mechanical stability
Direct bonding of chelating groups to inorganic surfaces is difficult due to the relative 
inertness of the surface in its ground state. However, this can be achieved after surface 
activation/modification^^^’^ ^lThe modification of the matrix surface by immobilization of 
functional groups provides the opportunity to introduce chelating materials without 
affecting their basic properties.(Fig. 1.14)
C
A
—  S' — o
Fig. 1.14 Modification of the matrix surface by an organic functional group.
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There are many reports about the immobilization of modifiers onto solid matrices 
such as fibers, activated carbon, sand, clays, polymers, metal oxides and silica. Such 
immobilization of groups depends on the substitution reaction between the modifiers and 
the surface of the supporting material.
Among the different solid supports, silica gel has received great attention^^^'^^l 
Immobilization of orgamc functional groups on a silica surface has been used to produce 
a variation of modified silica. In this process, an organic reagent containing the desired 
organic functional group is directly attached to the support to increase the main chain 
where other functional group can be added.
The advance in this field is associated with the silylization process which is used to allow 
the coupling of a reagent with a pre-determined group. The silica surface interacts with 
the silane reagent to form a covalent bond with the surface^^l By the introduction of 
orgamc functional groups to the silica surface there is a partial conversion of surface 
silanol to a new organo-functional surface which gains organophilic properties'.139
The systematic use of immobilization of organo-functional groups has increased due to 
the advantages presented by these materials over the orgamc/inorganic supports as listed 
below:
• Immobilization on silica results in a great variety of silylating agents.
• Attachment on silica surface is easier than on an organic polymeric support.
• Silica gel is the most popular material for surface studies. It is the first
commercially available high specific surface area substrate with constant
composition, enabling easy analysis and interpretation of results'"'®.
• Silica gel has a high mass exchange characteristics and no swelling'"".
• Silica support has a great resistance to organic solvents'"" '"'^ .
• Silica has very a high thermal resistance'"'^.
However, irreversible binding of metal ions and lack of selectivity are the main 
disadvantages of silica bound ligands'"'"'"'"' .^
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4.1 Surface of functionalized silica gel
Silica is a polymer of silicic acid, consisting of inter-linked molecules of Si04 . Silica gel 
is a porous, granular form of silica, synthetically manufactured from sodium silicate or 
silicon tetrachloride. (Fig. 1.15)
a
O - Na+
N a+ O - a  Q ^  ""Q
O - Na+ Q
Sodium silicate Silicon tetrachloride
Fig. 1.15 Synthetic precursors of silica gel.
The silica gel synthesis from sodium silicate solution is well reported by Iler'^l Unger'"'® 
synthesised silica from tetraethoxysilane using NH3 as a catalyst.
The sol-gel route is a useful method for silica s y n t h e s i s I t  is based on the hydrolysis 
of sodium silicate or alkoxysilane in the presence of an acid or a base to yield Si(0 H)4 
entities. (Scheme 1.3)
9 nh,oh
- i s r -
0
<s
Scheme 1.3 Synthesis pathway of silica from alkylsilicates.
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4.2 Silica surface
The active silica surface with a large specific surface area is of great importance in 
sorption and ion exchange processes. At the surface, the structure terminates in either 
siloxane groups (=Si-0-Si=) (with the oxygen atom on the surface), or one of the several 
forms of silanol groups (=Si-OH)'®®.
The silanol group can be classified under three headings,
• Isolated, where the surface silicon atom has three bonds into the bulk structure 
and the fourth one consists of a fi*ee OH as shown in Fig. 1.16 (a)
• Vicinal, where two isolated silanol groups attached to two different silicon atoms 
are bridged by hydrogen bonds. (Fig 1.16 (b))
• Geminal, which consists of two hydroxyl groups attached to one silicon atom. 
(Fig 1.16(c))
K
a
Sil ica S il ica
(a ) (b)
H
S il ica
(c)
Fig. 1.16 Different arrangements of silanol groups on the surface of silica gel.
Since the discovery of silanol groups on the silica surface in 1936 by Kiselev'®', studies 
based on theoretical calculations, physical methods and chemical methods have been 
explored to quantify the number of silanol units.
Farias and Airoldi'®^ developed a thermogravimetric analysis for the determination of the 
silanol number. They reported that the number of silanol groups in the structure of silica 
gel may range from 4.3 to 6.7 OH per nm^.
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4.3 Surface characterization
The fundamental parameters for the physical characterization of the silica surface are:
• Specific surface area (m^ g")
• Specific pore volume, distribution of pore size or pore area
• Particle size
A good knowledge of specific surface area of silica gel is essential in expressing the 
concentration of reactive surface species. Pore size distribution gives a deeper insight of 
the reactive silanol groups towards the reacting molecule'®^.
The silica surface is a major factor contributing to the separation technique in 
chromatography. Geometry of the surface defines the accessibility of interaction sites. 
Mainly, surface hydroxyl groups are responsible for the properties of silica to interact 
with different species'®"'.
4.4 Surface modification of silica gel
Studies have been carried out using chemical methods based on the reaction of surface 
silanol groups with selectively reacting compounds to form a covalently bonded surface 
species of well-known composition. The organic compounds on the surface were usually 
quantified by classical methods as microanalysis'®® or by the analysis of the analyte on 
the support fi-om the concentration of the non-adsorbed organic molecules in the mother 
solution'®®.
The silica surface can be modified by physical or chemical treatment. Modification of the 
surface affects the uptake of the material. Chemical modification can be performed by 
two main processes, organo-functionalisation where the modifying agent is an organic 
group (Fig. 1.17) or inorganic- fimctionalisation where the group is an organo-metallic 
compound or a metallic oxide.
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1*17 Modification of the silica surface by silanisation procedure
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Fig. 1.18 Modification of the silica surface.
Organic molecules can be attached onto the silica surface by the silanisation process'®^ 
which involves covalent bonding, where the active hydroxyl group on the silica surface 
reacts with the organisilyl groups'®^ (Fig. 1.18). The advantage of immobilizing an 
organic compound onto silica gel is the great versatility arising fi-om the various 
functionalities of the bonded groups and their resistance to be removed fiom the surface 
by organic solvents or water.
Based on the above sections related to previous work carried out in the field of 
calix[4]pyrrole chemistry in the following section the aims of this work are given.
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Aims of the work
Due to the potential risk of some polluting ions (fluoride, phosphate and others) on 
human beings and the environment, the main aim of the work is to provide the basis for 
the development of new compounds for the removal of these pollutants from water. From 
the above review, calixpyrroles were found to be interesting receptors able to interact 
with anionic species. Thus designing calix[4]pyrrole derivatives with short chain 
substituents might give crowded ligands, hence alter the binding ability of the NH group 
with other anions (chloride, bromide, iodide, dihydrogen phosphate, etc..), is one of the 
main targets. The same challenge applies to the design of calix[4]pyrrole derivatives able 
to interact selectively with polluting ions such as mercury(II) and dihydrogen phosphate. 
To achieve these objectives the following steps were undertaken:
i) Synthesis and characterization of the calix[4]pyrroles derivatives for the removal of 
pollutants from water.
ii) A study for the interaction of these ligands with ionic species in non-aqueous 
solutions. Thus, 'H NMR technique will be carried out to establish the binding sites and 
the conformational changes that these ligands undergo upon complexation with ionic 
species, whereas the composition and the strength of the host-guest complexes will be 
determined from conductometric measurements.
iii) To carry out a detailed study on the solution thermodynamics of the reactants and the 
product by determining their standard enthalpies of solution in the appropriate solvents. 
Thus assessing the medium effect on the complexation process by taking into 
consideration the transfer thermodynamic parameters of the reactants and the product 
involved in the process.
Another objective of this study was to continue the work that has been started by Danil de 
Namor and M.Shehab on the synthesis of calix[4]pyrrole oligomers and study their 
extraction properties. A similar pendent arm to that used in calix[4]pyrrole derivative will
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be introduced to silica compounds with the induction of nitrogen atoms to increase the 
ability of the material to interact with anions. Thus the synthesis of calix[4]pyrrole 
polymers and silica based materials will be performed to explore the ability of these 
materials to uptake pollutes amons and metal cations from aqueous solutions. The 
optimal conditions such as amount of materials, its capacity to uptake ions, the solution 
pH and the kinetics of the extraction process will be investigated.
A schematic representation of the strategy adopted in this research is given in Scheme 1.3
Strategy of the Work
Polymerisation of
calix[4]pyrrole derivatives 
and synthesis of modified 
silica compounds
Extraction Experiments
To determine the 
optimum conditions 
for extraction 
Recycling of the 
materials
Synthesis and characterisation of 
calix[4] pyrrole derivatives
• 'HNMR
• Elemental analysis
• Determination 
solubility of calix[4]pyrrole 
derivatives in several 
solvents, its related 
thermodynamic parameters 
o f  snliitinn and their transfer
the a) NMR Studies
- To determine the sites of 
interactions of these receptors 
with ions in solution.
b) Conductometric and UV 
measurements
-T o  determine the composition 
of the ligand-ion complexes
c) Calorimetric measurements
Interaction of calix[4]pyrrole 
derivatives with anions and 
metal cations
Scheme 1.3 Strategy of the research programme involved in this thesis
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II. Experimental Section
A bbreviations
Acetonitrile MeCN
Ammonium hydroxide NH4OH
18-crown-6
Dimethylsulfoxide DMSO
N,N-dimethylformamide DMF
Disodium ethylenediamine tetra-acetate dihydrate EDTA
Ethanol EtOH
Hydrochloric acid pj(2;i
Methanol MeOH
Magnesium sulfate MgS04
Propylene carbonate
Potassium carbonate K2CO3
Sodium fluoride 
Sodium hydride
Tris (hydroxymethyl)amino methane THAM
Meso-tetramethyl tetrakis-(4-phenyl methyl ester) calix[4]pyrrole CP(I)
Meso-tetramethyl tetrakis-(4-phenoxy acetone) calix[4]pyrrole CP(II)
Meso-tetramethyl tetrakis-(4-hydroxy phenyl) calix[4]pyrrole oligomer PI
Meso-tetramethyl tetrakis-(4-phenyl methyl ester) calix[4]pyrrole oligomer P2
2.1 List of Chemicals
Pyrrole (99 %), methanesulfonic acid (99.5 %), jc^-hydroxyacetophenone (99 %), acetyl 
chloride (99 %), triethylamine (99 %), 3-aminopropyltrimethoxysilane (97 %), phenol 
(99 %), 18-crown-6 (99%), 2-diethylaminoethyl chloride hydrochloride (99.5 %), 
formaldehyde (37 %), iodomethane (99 %), potassium dihydrogen phosphate monobasic 
reagent ACS, ammonium molybdate (99 %), glycerol (99.5 %), tin chloride, lithium 
perchlorate, sodium perchlorate (99 %), potassium perchlorate (99 %), calcium
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perchlorate tetra hydrated (99 %), magnesium perchlorate (80 %), cadmium perchlorate, 
mercury perchlorate mono-hydrated (99.99 %), tetra-n-butylammonium bromide (99 %), 
iodide (97 %), and nitrate (97 %), tris (hydroxymethyl) amino methane (99.9 %), 
chloroacetone (95 %), 2-chloroacetamide (95 %), potassium carbonate , sodium fluoride 
(99.99 %), propylene carbonate (99. 7%), mercury nitrate monohydrate (98 %) , 
ethylenediamine tetraacetic acid disodium salt dihydrated , deuterated dimethylsulfoxide 
(de-DMSO) and acetonitrile (CD3CN) were all purchased fi-om Aldrich Chemical 
Company.
Silica gel (0.2-0.5 mm), potassium carbonate anhydrous, magnesium sulfate (62-70 %), 
potassium chloride (99 %), potassium iodide (99 %), hydrochloric acid (37 %), methanol 
(HPLC grade), diethyl ether (Laboratory reagent), acetic acid (Analytical reagent), 
acetone (Analytical reagent), tetrahydrogenfuran (HPLC grade), dichloromethane 
(Analytical reagent), toluene (HPLC grade), ethanol (96 %), chloroform (Analytical 
reagent), sulfuric acid (98 %), ammonium hydroxide, acetonitrile (HPLC grade, was 
refluxed in a nitrogen atmosphere and distilled over calcium hydride)^^^, dimethyl 
sulfoxide (HPLC grade, was refluxed in a nitrogen atmosphere and distilled over calcium 
h y d r id e )w ere  purchased fi-om Fisher UK Scientific International.
Perchlorate salts of rubidium (Alfa Aesar Company) and strontium hexahydrated (99.9 
%, Fluka Chemical Company), tetra-n-butylammonium fluoride trihydrated (97 %, Fluka 
Chemical Company) and chloride (97 %, Fluka Chemical Company) were dried over 
P4O10 under vacuum for several days. The absence of a water peak in the NMR spectra 
upon addition of ions indicated that these salts were dry.
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2.2 Synthesis of meso-tetramethyl tetrakis-(4-hydroxyphenyI) caIix[4]pyrrole 
(CP), 2
The preparation of 2 was achieved by applying the procedure reported in the 
l i t e r a t u r e T h e  synthetic procedure is shown in Scheme 2.1.
Pyrrole (5 g, 75 mmol) was placed in a 250 ml round bottom flask and dissolved with 
methanol (100 ml). Methanesulfonic acid (1 ml) was then added to the mixture and 
stirred for 30 minutes. The j^-hydroxyacetophenone (11 g, 80 mmol) was dissolved in 
methanol (50 ml) in a beaker and added to the solution in the reaction flask and the 
reaction was left to stir overnight. The mixture was then poured into a 500 ml round 
bottom flask filled with distilled water (200 ml) and an orange coloured precipitate was 
obtained. The compound was filtered and collected, then dissolved in diethyl ether (400 
ml).The solution was filtered gravitationally to remove the black tar obtained. The 
solvent was evaporated and the solid obtained was re-crystallized from acetic acid and 
left to cool. Another re-crystallization with acetonitrile: acetone mixture (150 ml: 75 ml) 
was required to eliminate the acid. The compound was obtained and dried in vacuum at 
90® C.^H NMR (de-DMSO, 300 MHz, 298 K, ppm): 9.44 (s, 4H, OH); 9.25 (s; 4H, NH); 
6.68 (d, 8H, ArH); 6.63 (d, 8H, ArH); 5.93 (s, 8H, PyH); 1.71 (s, 12H, CH3).
H3C..
OH
CH , _
N
H
Methanol
OH
Pyrrole j?-hydroxyacetophenone
Scheme 2.1 Synthetic procedure used for the preparation of 2.
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2.3 Synthesis of meso-tetramethyl tetrakis-(4-phenyI methyl ester) 
calix[4]pyrrole, CP(I)
The procedure used in the l i t e ra tu re fo r  the synthesis of this calix[4]pyrrole receptor 
was modified. Scheme 2.2 shows the synthetic procedure. Ligand 2 (3 g, 4 mmol) was 
placed in a 250 round bottom flask and dissolved in THF (200 ml) and the solution was 
stirred for 10 minutes. Acetyl chloride (1.27 g, 16 mmol) and triethylamine (3.27 g, 32 
mmol) were added and the solution was stirred for 5 days. The solvent was evaporated 
and the crude product was dissolved in acetonitrile. The compound was re-crystallized 
using methanol and acetone (75 ml: 100 ml). The compound was collected by filtration 
and dried in vacuum at 90° C. NMR (dg-DMSO, 300 MHz, 298 K, ppm): 9.53 (s; 4H, 
NH); 7.02 (d, 8H, ArH); 6.93 (d, 8H, ArH); 5.99 (d, 8H, Py); 3.23 (s, 12H, CH3); 1.80 (s, 
12H, CH3).
OH
c m
Scheme 2.2 Synthetic procedure used for the preparation ofCP(I).
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2.4 Synthesis of meso-tetramethyl tetrakis-(4-phenoxy acetone) 
caIix[4]pyrrole, CP(II)
Chloroacetone (4.3 ml) and 18-crown-6 (0.6 g) were dissolved in acetonitrile (80 ml). 
The solution was placed in a three-necked round bottom flask equipped with a magnetic 
stirrer and a refluxing condenser carrying a guard-tube filled with anhydrous calcium 
chloride. Potassium iodide (13.44 g) was added and the mixture was heated under 
vigorous stirring at 70 C for one hour. A yellow-brown suspension was observed. The 
synthesis procedure is shown in Scheme 2.3,
18-crown-6
CH3COCH2CI+ KJ — ------------ p- CH3COCH2I +  KCI
70 °C, 1 hour
Scheme 2.3 Synthetic procedure used for the preparation of iodoacetone.
The reaction vessel was removed from the hot oil bath and allowed to cool down to room 
temperature. Then 2 (4 g), 18-crown-6 (0.5 g) and potassium carbonate (7.46 g) were 
added and the reaction was left refluxing overnight at 60 °C. The synthetic procedure is 
shown in Scheme 2.4,
18-C-6 , K2CO3
+  ICH2COCH3 
^ 70 °C, 24hrs
Scheme 2.4 Synthetic procedure used for the preparation of CP(II).
CP(E)
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The reaction vessel containing the mixture was cooled down to room temperature and the 
mixture was evaporated to remove the acetonitrile. The solid compound was dissolved in 
dichloromethane and extracted with an aqueous solution of sodium hydrogen carbonate 
(0.2 mol dm ). The organic layer was collected and dried with MgS04 . The solvent was 
removed by evaporation and brown oil was obtained which precipitated upon the addition 
of methanol. The compound was collected by filtration and dried in vacuum at 90°C. 
NMR (dô-DMSO, 300 MHz, 298 K, ppm): 7.97 (s; 4H, NH); 6.81 (d, 8H, ArH); 6.75 (d, 
8H, ArH); 6.01 (d, 8H, Py); 4.66 (s, 8H, CH2); 2.18 (s, 12H, CH3); 1.83 (s, 12H, CH3).
2.5 Synthesis of the oligomer of the meso-tetramethyl tetrakis-(4- 
phenoxymethyl ester) calix[4]pyrrole (CP(I)), PI
A base catalysed procedure was used in the preparation of this ol igomer^CP(I)  (5 g, 
5.18 mmol) was placed in a 250 ml round bottom flask and dissolved with 
tetrahydrofuran (250 ml). Then formaldehyde (37 wt. % in methanol) (5.04 ml, 62.16 
mmol) and tetra-n-butylammonium hydroxide (15% in methanol) were added. The 
reaction was stirred overnight. The compound was characterized by mass spectroscopy. 
The molecular weight of the calix[4]pyrrole derivative CP(I) was found to be 965.17 
(Appendix 1). From the mass spectrum, the residual peak was observed between 2400 
and 2700 indicating the formation of a trimer.
2.6 Synthesis of the oligomer of the calixpyrrole derivative 1, P2
The base catalyzed phenol-formaldehyde procedure was used in the preparation of the 
calixpyrrole oligomeric material^^^ This oligomer was first synthesised by Dr M. Shehab 
at the Thermochemistry Laboratory. The calixpyrrole derivative 1 (5 g, 6.75 mmol) was 
placed in a 500 ml round bottom flask and dissolved with tetrahydrofuran (250 ml). 
Formaldehyde (37 wt. % in methanol) (6.5ml, 80.98 mmol) and tetra-n-butylammonium
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hydroxide (15/6 in methanol) were then added. The reaction was left to stir overnight. 
The compound was characterized by mass spectroscopy. The mass spectrum of this 
compound is shown in Appendix 1. The molecular weight of the calix[4]pyrrole 
derivative CP(I) was found to be 909.034 g mol \  From the mass spectrum  ^the residual 
peak was observed between 2600 and 2800 indicating the formation of a trimer.
2.7 Synthesis of methylated diethyl phenoxy ethyl amine silicate
The whole procedure for the synthesis of the methylated diethyl phenoxy ethyl amine 
silicate L2 is given in Scheme 2.5. Each step will be discussed in the following section.
^ a - O H  +  MeO>
OM e OM e
Toluene
120 °C
OM e
Phenol
m
2-diethylarrino ehtyl chloride 
hydrochloride
O
OM e
g - 'O .
OM e
a
KgCOg, 18o6
70-80 ° Q 2 4 h rs
a,Nf-CHD
diethyl pheno)y ethyl arrine 
■ +
OM e
BOKCHCI 3 .6 0 °C .2 4 h rs OM e
diethyl pheno>y ethyl 
arrine silicate 
+
IVbl
KgCOg, IVfeCN
70 °C, under N
r " i
Scheme 2.5 Synthetic procedure used for the preparation of methylated diethyl phenoxy 
ethyl amine silicate.
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2.7.1 Synthesis of modified silica, LI
The silica (0.2-0.5 mm) was first activated by drying at high temperature overnight. Dried 
silica gel (10 g) was transferred into a round-bottomed flask and dried toluene (150 ml) 
was added followed by 3-aminopropyltrimethoxysilane (7.6 ml). The synthetic procedure 
is shown in Scheme 2.6. The mixture was refluxed overnight at 100-120 °C. The solution 
was cooled, filtered off, washed with toluene and dried overnight Microanalysis data 
carried out at the University of Surrey for LI : found %: C, 7.83; H, 1.95; N, 2 09.
OMe
^ S i- O H  + MeO—Si'
OMe
Toluene
120 oc
OMe
. 81-
OMe
NK
Scheme 2.6 Synthetic procedure used for the preparation of modified silica.
2.7.2 Synthesis of diethyl phenoxy ethylamine
The synthesis of the diethyl phenoxy ethyl amine was carried out by dissolving phenol (5 
g, 53.12 mmol) with 150 ml of dried acetonitrile followed by potassium carbonate (29 g, 
212.50 mmol) and 18-crown-6 (2.8 g , 10.63 mmol).The mixture was stirred for one hour. 
Then 2-diethylamino ethyl chloride hydrochloride (18.28 g, 206.24 mmol) was added and 
the mixture was refiuxed at 70-80 °C for 24 hours.
Once the reaction was complete, acetonitrile was removed in vacuo. The resulting 
compound was dissolved in dichloromethane and the organic layer was extracted using 
ammonium hydroxide. The organic phase was dried over magnesium sulfate before being 
dried in vacuo. The synthetic procedure is shown in Scheme 2.7,
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K gC O g, 18 -cro w n -6
7 0 -8 0  O C , 2 4 h r s O
HOI
P h e n o l 2 -d ie th y la m in o  ethyl ch loride  
h yd roch lorid e
d iethyl p h e n o x y  eth y l a m in e
Scheme 2.7 Synthetic procedure used for the preparation of diethyl phenoxy ethyl amine.
2.7.3 Attachment of diethyl phenoxy ethyl amine to the silicate
The diethyl phenoxy ethyl amine (3 g, 15 mmol) was placed in a 250 round bottom flask 
and ethanol/chloroform mixture (100 ml: 100 ml) was added followed by triethylamine 
(2.1 ml, 15 mmol) and formaldehyde (2.4 ml, 30 mmol) .The mixture was stirred for one 
hour, then the modified silica LI (5 g, 7.5 mmol) was added and the solution was 
refluxed for 24 hours at 60-70 °C. The solution was cooled down; the solid was recovered 
by filtration, washed with ethanol/chloroform and dried overnight. The synthetic 
procedure is shown in Scheme 2.8. Microanalysis data earned out at the University of 
Surrey for diethyl phenoxy methyl amine silicate: found %: C, 6.46; H, 1.48; N, 1.51.
OMe
BgNKK)
BŒfOa ,,60 OQ 241rs
H Si
0 OMe
Dethy! pheno)y 
ethyl arrine
nodified silica d i ^  pheno)y ethyl 
arrine silicate
Scheme 2.8 Synthetic procedure used for the preparation of diethyl phenoxy methyl 
amine silicate.
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2.7.4 Synthesis of the methylated diethyl phenoxy ethyl amine silicate compound, L2
The phenoxy silicate compound (5 g , 7.5 mmol) was placed in a 250 round bottom flask 
and dried acetonitrile (150 ml) was added followed by potassium carbonate (6.22 g , 45 
mmol) and 18-crown-6 (1.18 g , 4.5 mmol) .The solution was stirred for one hour. Then 
iodomethane (0.93 ml, 15 mmol) was added and the solution was refluxed at 60-70 for 
24 hours under a nitrogen atmosphere. The synthetic procedure is shown in Scheme 2.9. 
The solution was cooled down, the solid recovered by filtration, washed with acetonitrile 
and dried overnight. Microanalysis data carried out at the University of Surrey for L2: 
found %: C, 8.12; H, 1.76; N, 1.20.
O M e
+ m \
OM eO70 OQ under N ^
S
di^hyl pheno)y ethyl Diethyl pheno>y ethyl
arrine silicate anrine silicate
Scheme 2.9 Synthetic procedure used for the preparation of methylated diethyl phenoxy 
ethyl amine silicate.
2.8 Solubility m easurem ents
The solubility of calix[4]pyrrole derivatives in several solvents at 298.15 K was 
determined by preparing saturated solutions of these ligands and keeping them in a 
thermostatic bath at 298.15 K for several days to ensure that equilibrium was attained 
between the solid and its saturated solution.
Aliquots samples of the saturated solution were placed into pre-weighed porcelain 
crucibles. The solvent was evaporated using a hot plate. The crucibles with the solid
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inside were kept in a desiccator to reach room temperature. Several blank measurements 
were carried out to ensure the absence of any involatile materials in the pure solvent. The 
analysis was carried out gravimetrically three times. The solvation experiment was 
earned out by placing a small amount of the compound on a watch glass, over the 
appropriate solvent placed at the bottom of a closed desiccator to ensure a saturated 
atmosphere of the solvent for several days^ "^*.
2.9 NMR measurements
Using a Bruker AC-300E pulsed Fourier transform NMR spectrometer, NMR 
measurements were recorded at 298 K. A solution of the ligand under investigation was 
prepared in the appropriate deuterated solvent and then placed in a 5-mm NMR tube 
using tetramethylsilane as the internal reference.
The complexation behavior of the ligand toward anions and cations was studied by 
adding the salts (8.0 x 10'  ^ to 1.6 x lO'  ^ mol dm'^) in excess into the NMR tube 
containing the ligand dissolved in the same solvent (8.0 x to 1.0 x 10’^  mol dm"^). 
Stepwise additions of the salts were made and the chemical shifts were recorded. 
Changes in the chemical shifts upon addition of the salts relative to the free ligand were 
calculated.
2.10 Conductometric measurements
Conductometric measurements are based on the principle that when a current of 
electricity flows through a uniform conductor, the strength or intensity of the current 
depends on the difference of potential E, and the resistance of the conductor between two 
definite points. According to Ohm’s law (eq. 2.1), E is directly proportional to the 
current, I and to the resistance, R.
E = I x R  21
The current I is measured in amperes while the potential difference is expressed in volts.
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The unit of resistance is the ohm.
The reciprocal of the resistance is termed the conductivity a: , and it is measured in 
Siemens (S). The resistance of a sample of homogeneous material of length / ,  and cross 
sectional-area, A, is given by:
R  = ^  2.2
A
In eq. 2.2, p  is a characteristic property of the material and is called the resistivity 
(Q.CW).
2.3
R x A
p — r
The reciprocal of the resistivity is the conductivity AT(eq. 2.4). The units of k  are given 
in ohm"  ^cm '\
1 I
2.4
The conductivity, a: of a solution depends upon the concentration of charge carriers in the 
solution and the mobility of the charge carriers. To obtain a measure of the intrinsic 
ability of a particular type of charge carrier to conduct current, the molar conductance 
is defined in eq. 2.5
. /TxlOOO
In eq. 2.5, c  is the electrolyte concentration expressed in mol.dm'l The units of are 
given in S cm^ m ol'\
A plot of molar conductance, A ^ , against the ligand / ion (L / ion) concentration ratio
provides information about the stoichiometry of the complex formed as well as the 
strength of the interaction.
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2.10.1 Apparatus used for conductance measurements
A Wayne-Kerr Autobalance Universal Bridge type B642^^  ^was used for conductometric
measurements. The Wayne-Kerr bridge was connected to a platinum glass bodied
electrode housed in a cylindrical glass vessel where the reaction took place. Samples
were injected into the vessel by means of a hypodermic syringe connected to a calibrated 
autoburet.
During the conductance measurements, the capacity and conductance are displayed 
simultaneously on two meters. Each of these meters has four decades, by which they are 
operated in succession. The sensitivity of the instrument can be manually adjusted by 
setting the meter sensitivity to one of the three manual positions. The accuracy of the 
instrument is determined by its internal source detector and was found to be 0.1 % for all 
the decades in use.
2.10.2 Determination of the cell constant at 298.15 K
The method described by Jones and Bradshaw^was used to determine the constant ( ^ )  
of the conductivity cell. An aqueous solution of potassium chloride KCl (0.1 mol dm'^) 
was injected in step additions to the conductometric cell containing the solvent (de­
ionised water). The conductance cell was kept in a thermostat bath at 298.15 K. The 
conductance of water (blank) was measured and subtracted from each conductance 
change measured.
The corresponding molar conductance Am (S cm^ moT^) was calculated using the 
equation of Lind, Zwolenik and Fuoss^^^ (eq. 2.6)
= 149.43 -  96A5\[c + 58.74c loge + 198.4c 
2.6
In eq. 2.6, c is the molar concentration (mol.dm'^) of the KCl solution used. 
The specific conductivity, K (S cm'*) is shown in eq. 2.7
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^  = J  ^  2.7
If the reciprocal of the resistance is the conductance and is represented by S (Siemens), it 
follows that,
K = SxO 2.8
The molar conductance, is defined in eq. 2.9,
. *5x^x1000
K =  : -------- 2.9
Hence, the cell constant 0  {cm  *) takes the following form
^  = 210 1000x6"
2.10.3 Conductometric titrations at 298.15 K
Conductometric titrations involving metal—cation or amon salts and the appropriate 
macrocycles were carried out in different organic solvents at 298.15 K. To perform these 
measurements, the conductometric cell was filled with an accurate amount of the metal 
ion or anion salt solution in the appropriate solvent (~ 25 ml). Then the electrodes were 
inserted into the cell. The solution was continuously stirred during the course of the 
titration. The closed system was placed in a thermostat bath at 298.15 K. After thermal 
equilibrium was achieved, accurate aliquots of the ligand (8 x 10"^  -  1 x 10'  ^mol dm'^) 
were added to the conductometric cell containing the metal cation or the anion salt 
solution ( 5x10  —1 x 1 0  mol dm )^ in the same solvent. The S (Q *) was recorded after 
each addition, once stabilization of the reading was achieved. Thus, plots of molar
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conductances, (S cm mol ) against the ligand: anion ([L]/[X"]) and ligand: mercury 
cation ([L]/[Hg^'^]) molar ratio were drawn.
2.11 Titration Calorimetry
The titration calorimetric techmque was used in order to determine the enthalpy and 
stability constant associated with the complexation. From the stability constant, the 
standard Gibbs energy was calculated. Combination of Gibbs energy and enthalpy led to 
the calculation of the standard entropy of complex of the receptor with ions in the solvent 
of interest at 298.15 K. The titrations were carried out on the Tronac 450 calorimeter. 
Therefore a brief description of this equipment is now given.
2.11.1 The Tronac 450 calorimeter
The Tronac 450 calorimeter is a commercial version of the solution calorimetrer 
originally designed by Christensen and Izatt^  ^ (Fig. 2.1). This model is an isoperibolic 
calorimeter equipped with a burette (which is essentially a syringe of 2 cm^) linked by a 
silicone tube to the reaction vessel (50 cm^). Temperature changes during the course of 
the reaction are monitored by a thermistor bridge and subsequently converted to the 
corresponding voltage in a Wheatstone bridge circuit. This voltage is amplified in an 
amplifying circuit and recorded on a strip-chart recorder to obtain the thermogram. The 
calorimeter assembly consists of a thermostatic bath with a capacity of 50 dm \ a motor 
driven stirrer, a heater-cooler device and a precision temperature controller. The latter 
ensures that the bath temperature is maintained at 298.15 K.
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Fig. 2.1 The Tronac 450 calorimeter^
2.11.2 Calibration of the Tronac 450
2.11.2.1 Calibration of the burette delivery rate (BDR)^^^
The burette was filled with water ensuring the absence of air bubbles in both, the burette 
and the titrant tube. The water was delivered over various and accurately measured time 
intervals and collected in a pre-weighted vessel (5 cm^). - -
The mass collected at each run was measured. Knowing that the density of water is 0.997 
g cm  ^at 298.15 K^^°, the BDR was calculated using eq. 2.11
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B D R = ~  . . .
pxt
In eq. 2.11, m (g) is the mass of water collected in each run, p is the density of water and 
t (sec) is the time for a single run.
The BDR was determined with the aim of calculating the volume of titrant added at 
various time intervals during the titration.
2.11.2.2 Chemical calibration of the Tronac 450^ ^^
The determination of the enthalpy of protonation for tris (hydroxy methyl)- 
aminomethane, THAM at 298.15 K, was used as the standard reaction to check the 
accuracy and reproducibility of the equipment. The enthalpy of protonation for this 
reaction is well established (eq. 2 .12)
H2NC(CH20H)3(aq) + H3O+ (aq) H3N+C(CH20H)3(aq) + H2Û(aq) 2.12
For this purpose, an aqueous THAM solution (~ 0.20 mol dm'^) was placed in the burette 
and titrated into the reaction vessel containing a solution of HCl (50 cm \ 0.1 mol dm'^). 
The heat of the reaction, Qr, was corrected for the heat of hydrolysis of THAM in water 
Qh, and for the heat of dilution Qd in HCl as given in eq. 2.13
Qp=Qr“ Qh“ Qd 2.13
In this equation, Qp is the heat of protonation of THAM. The hydrolysis reaction of 
THAM in aqueous solution may be represented by:
THAM + H2O  ► HTHAM ^+OH' AhH° 2.14
In eq. 2.15, the hydrolysis constant, Kh, is given by:
_ [HTHAM^][OH-]
* WHAM]
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The reported value expressed as log Kh is -5.929 The molar concentration of OH' was 
calculated from:
2.16
and the heat associated with the hydrolysis of THAM in water was calculated from 
Qf,=[OH 2.17
In eq. 2.17, V (dm ) is the volume added in each step and AhH  ^is the standard enthalpy of 
formation of water (-51.63 kJ mof^) at 298.15 K^ ^^ .
The standard enthalpy of protonation, ApH, was calculated according to eq. 2.18
2.18
In eq. 2.18, n is the number of moles of THAM added in each titration step.
2.11.2.3 Electrical Calibration
To calculate the heat values, Q , from the set of data obtained in a calorimetric titration, 
the calibration experiment is earned out where a known amount of energy is introduced 
into the reaction vessel of the calorimeter used during the titration experiment. Then the 
heat effect observed during the reaction is compared with that observed during the 
electrical calibration. Because it is not possible to get the input in the calibration 
experiment equal to the heat involved in the reaction experiment, a proportionality factor, 
‘the calibration constant s , defined as the heat capacity of the calorimetric system (J K 
) is used. Thus, s  is related to the amount of heat produced, ç  and to the corrected 
temperature change, d ,  (mm) through eq. 2.19
Q  = E X d  2.19
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After each titration experiment, a constant current was introduced to the reaction vessel 
through a resistance heater over a measured period of time, t (sec). During this time 
interval, the potential across the standard resistance and the reaction vessel resistance 
heater, Vi and V2 respectively, were measured. The s value was calculated from the 
experimental data using eq. 2.20
R x d 2.20
In eq. 2.20, ^  100.02 is the calorimeter internal resistance and d  is the corrected
temperature change.
Then, the molar enthalpy change for a titration run was calculated using eq. 2.21
n 2.21
In eq. 2.21 n  is the number of moles of the titrant added in each step. In order to obtain 
the highest accuracy, an electrical calibration experiment was performed after each 
reaction run.
2.11.3 Analysis of the thermogram
Fig. 2.2 shows a typical temperature-time curve for a calorimetric experiment where heat 
is evolved in an exothermic reaction or in an electrical calibration experiment.
Time (sec)
Fig. 2.2 A typical thermogram curve for an exothermic reaction.
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A typical thermogram consists of three regions:
(a) It involves the heat produced by stirring, the thermistor and the heat leaks before the 
reaction starts.
(b) It is the heat rise in the reaction vessel due to the addition of the titrant, the effect of 
dilution of titrant and titrand, the difference in temperature between the titrant and titrand 
and other effects mentioned for region (a).
(c) It represents the end of the reaction, and this is subject to the same effects as those 
described for region (a).
2.11.4 The Dickinson’s method of extrapolation
The graphical extrapolation based on the Dickinson’s m e th o d w a s  used to calculate the 
temperature changes obtained in the reaction.
For the electrical calibration experiment (Fig. 2.3 (a)), the heat evolution is usually linear 
with time, and the extrapolation is carried out using the time at which half the 
temperature rises, 0.5 x AT.
For the chemical reaction (Fig. 2.3 (b)), the rate of heat produced is exponential. The 
mean temperature of the reaction period, T, will occur at the time when 63% of the total
heat evolved
(  1
0.63 = 1 - -
l  e j
. The linear part of the calorimetric curve is extrapolated to
this time to obtain the corrected temperature change; d  =  0.63 A T , where AT is the 
total temperature rise in strip chart units (mm).
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Fig. 2.3 A schematic plot of temperature versus time showing the extrapolation for 
obtaining the corrected temperature rise in the case of (a) an electrical calibration and 
(b) a titration chemical reaction^^.
2.11.5 Titration experiments
Direct calorimetric titrations were performed for the determination of stability constants 
values lower then 10 (log Ks < 6). Thus a solution of the metal-ion salt (concentration 
range 2.0 x 10'  ^to 6.0 x 10'  ^mol dm'^) was prepared in the appropriate solvent, placed in 
the burette and titrated into the vessel containing a solution of the ligand (50 cm^, 
concentration range (7.0 xlO"^to 2.0 x 10"^  mol dm'^) prepared in the same solvent. The 
whole system was then immersed in a thermostated water bath at 298.15 K and allowed 
to reach thermal equilibrium. Then the ion salt solution was titrated into the vessel 
contaming the ligand. An electrical calibration was earned out after each experiment- In 
all cases, blank experiments were carried out to account for heat of dilution effects 
resulting from the addition of the metal-ion salt solution to the solvent contained in the 
calorimetric vessel.
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2.11.5.1 Calculation of log K& and AcH values
Direct calorimetric titrations were performed for the complexation processes, with log Ks 
values lower than 6, in order to determine the thermodynamic parameters for the process 
given by eq. 2.22
CP{s)+X-{s)->CPX-{s)  0 22
After each titration, the following equations were considered in order to calculate log Ks 
and the enthalpies of complexation, AcH,
[CP\=[CP]+[CPX-]  2.23
[ X - \ ^ [ X - ]  + [CPX~] 2.24
In eqs 2.25 and 2.26, \X  ], \CP ] and \CPX ] denote the molar concentrations of the
free anion, ligand and complex in solution respectively, while [ X ~ \  and [C P\ denote
the total molar concentration of the anion salt and the ligand respectively. Assuming that 
the activity coefficients of these solutions are close to unity, the Ks can be termed by eq. 
2.25.
K  -    [CPX-]_____
[X-\[CP] { [C P \ - [ C P X -] ) x { [ X - \ - [ C P X -] )
For titrations earned out with the Tronac calorimeter, a computer program written in 
BASIC was used for the simultaneous calculation of log Ks and AcH values. It utilises 
sophisticated non-linear minimisation algorithms^^"^’^ ^^ .
As far as 1.1 ligand, ion complex is concerned, the total heat of the reaction is given by 
the following equation
Q=-i^fXCPX-lKH,  2.26
/=1
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In eq. 2.26, V is the volume of the resulting solution after each addition and is the 
enthalpy of complexation.
If the values of Ks given in eq. 2.25 are known in each titration step, then the values of 
[CPX~\ can be calculated by the combination of eqs 2.25 and 2.26. The A^Tf. values
can be then obtained by a linear least square method^^^ This method minimizes the sum 
of squared differences, U, between the experimental and the calculated values of Q.
^ = Z (6 e x p -ôca/)^ 2.27
m
The calculation of the stability constants. Kg, involved an iterative process in which new 
sets of Ks are calculated with subsequent evaluation of the error function, U, until optimal 
values for K$ and are obtained so that U is minimal.
Rearrangement of eq. 2.25 leads to the following quadratic equation in terms of [CPX "] .
[C P X ~f-{ [X  \ + [ C P \ + ~ ) [ C P X  ] + [X \ [ C P \ = Q  2.28
Solving this quadratic equation (2.28) for \CPX ], the negative solution of guarantees to 
satisfy the crucial constraints [CPX "]> 0 and [C P\ ^[CPX ’ ], and is given by
[ X ' l  +[CP\ + _ _  +[CP], + ± f ^ 4 { X - \ [ C P \
[CPX-] = - --------------------------    5 -----------------------  2.29
The value of Q can be then calculated from eq. 2.30
g ^ = - A ,^ x V x [ C P X ]  2.30
Substituting eq. 2.30 into eq. 2.27 results in
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2.31
m /=1
In practice, the computer programs used for the calculation of Ks and AH  were 
developed at the Thermochemistry Laboratory^^l The first program is applied to 
calculate the total concentrations of the ligand and the ion salt in the reaction vessel after 
each addition of the titrate from the burette as well as the corresponding heat corrected 
for the dilution effect. The second one calculates the Ks and AH  values for the reaction 
under investigation using the data derived from the first program.
The measured heat in each titration step was directly related to the complexation 
enthalpy, AcH. The standard Gibbs energy, AcG°, and entropy of complexation, AcS° 
were calculated from eqs 2.32 and 2.33.
A ,G '= -R T ln K , 2.32
a g  ^= a h ^ - t a s ' 2.33
In eq. 2.32, R is the gas constant (8.314 J m of' K'^) and T is the temperature (298.15 K).
2.11.6 Heat of solution measurements
The Tronac 450 calorimeter was used for the determination of the standard enthalpies of 
solution of the calix[4]pyrrole derivatives. The values for the tetra-n-butylammonium 
fluoride in different solvents were reported in the literature^^’^ ^l Thus the empty glass 
ampoule was filled with a known weight of the ligand under investigation and sealed with 
a silicon rubber tube. The glass ampoule was then placed on the holder at the end of the 
stirrer and immersed in the desired solvent. The ampoule was then broken by means of 
the plunger that goes through the stirrer rod. The heat was recorded. The experiment was 
repeated twice for each mass.
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The total heat recorded, g , , was the sum of the heat of solution , g , , and the heat of
ampoule breaking, g ^ . The latter was determined by breaking an empty ampoule in the
same solvent under investigation and recording the heat change. Then the heat of solution 
was calculated using eq. 2.34
Q s= Q r-Q a  ‘ 2.34
2.12 Determination o f fluoride (as sodium fluoride) using sodium selective 
electrode
2.12.1
Chemical sensors are analytical devices which can give mformation on the presence of 
specific compounds or ions in complex samples. Usually an analyte recognition process 
takes place followed by the conversion of chemical information into an electrical or 
optical signal. Among various classes of chemical sensors ion-selective electrodes (ISE) 
is one of the most frequently used potentiometric sensors during laboratory analysis as 
well as in industry, process control, physiological measurements, and environmental 
monitoring.
The response of an ion selective electrode, the potential developed is a function of the 
ionic activity of the species in solution. When the electrode potential of an electrode is 
measured against a suitable reference electrode (e.g. a standard calomel electrode), its 
relationship to ionic activity is logarithmic.
The behaviour of the electrode potential is determined by the Nemst equation^ eq. 2.35 
R T
E = E ^ - 2 3 Q 2 > -----log a 2 35
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In this equation E is the measured total potential of the system, E° is the standard 
electrode potential, R is the universal gas constant (8.314 J K'* mof^), F is Faraday's 
constant (96,485 C mol'^), v is the charge of the ion, T is the temperature in Kelvin, a is 
the activity of the ion in the sample solution.
2.12.2 Calibration
The calibration was performed prior to each titration in order to check the performance 
and reliability of the electrode by evaluating the slope and the linearity of the Nemst 
equation.
It was carried out by immersing the electrode into a 150 ml beaker containing 25 ml of 
distilled water and a volume of ammonium hydroxide to adjust the ionic strength. The 
beaker was placed on a magnetic stirrer at a constant rate of stirring. Using a pipette, a 
known volume of sodium fluoride solution (0.05 mol dm'^) was added to the solution. 
When the reading was stabilized, the voltage reading indicated in the Digits display was 
recorded. A plot of mV against the log [Na^] was drawn and the Nemstian behaviour was 
observed.
2.12.3 Standard procedure for measuring unknown concentration of sodium 
fluoride in solution
The material takes up anion (fluoride) and cation (sodium) simultaneously; therefore 
measuring the amount of sodium uptaken by the material will indicate the amount of 
fluoride extracted as well. In a typical batch experiment, the solutions were prepared, 
shaken on a vibromixer for a period of 2 minutes and left overnight in a thermostated 
bath at 298.15 K, then filtered by a 0.45 pm (pore size) membrane filter using a syringe. 
The vessel containing the sodium electrode, was filled with 25 cm^ deionized water and 
the ionic strength was adjusted using 0.25 cm^ of NH4OH (1 mol dm'^). The system was 
left for 30 minutes before initiating the titration in order to achieve thermal equilibrium.
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The filtered solutions of sodium fluoride were incrementally added into the vessel. Stable 
potential readings were recorded after each addition. Using eq. 2.35 the equilibrium 
concentration was calculated and the fluoride uptake concentration was obtained fl*om the 
difference between the initial and final concentrations of fluoride in solution(mmol dm’^ ), 
corrected with the blank. Therefore, the percentage of removal was calculated by the use 
of eq. 2.36
% Extracted = 2.36
In eq. 2.36, Cj and Ceq are the initial and the equilibrium concentrations (mmol dm* )^ of 
fluoride ion in solution, respectively.
2.12.4 Effect of the equilibration time on the removal of the fluoride ion from 
aqueous solutions at 298.15 K using PI
In order to establish the necessary time for the calix[4]pyrrole oligomer PI to reach the 
equilibrium, a series of batch experiments were performed at 298.15 K and a fixed pH ~ 
9. Equal volumes (10 cm^) of aqueous solutions containing the sodium fluoride salt (5.00 
X 10'  ^mol dm’^ ) were mixed with an accurate weight of the oligomer (0.06 g). The 
equilibration time was varied from 5 minutes to 1440 minutes. Then same procedure was 
used as described previously for the analytical determination of fluoride in the aqueous 
solution (section 2.12.3).
2.12.5 Determination of the optimum amount of PI for the uptake of the fluoride ion 
from aqueous solution at 298.15 K
Batch experiments were carried out by varying the amount of the oligomeric material PI 
and fixing the concentration of fluoride in aqueous medium (0.05 mol dm"^). The 
solutions were shaken on a vibromixer for a period of 2 minutes and left overnight in a 
thermostated bath at 298.15 K, then filtered using the 0.45 pm (pore size) membrane
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filter. Then same proeedure (Section 2.12.3) was used as described previously for the 
analytical determination of fluoride in the aqueous solution.
2.12.6 Determination of the capacity of PI to uptake fluoride from aqueous solution 
at 298.15 K
As far as the capacity of the oligomeric material (PI) for fluoride is concerned, batch 
experiments were carried out at 298.15 K by varying the concentrations of fluoride (4.00 
X 10 -  1.00 X 10 ’ mol dm^) with a fixed mass of the material (0.03 g). The 
measurement procedure used was the same as described in Section 2.12.3.
The uptake capacity, qeq (mmol g )^, or the amount of anion taken up per unit mass of 
material was calculated as
(^/.-c«,)xv
m 2.37
hi eq. 2.37, m is the mass of the material (g), and v is the volume of the solution (cm^).
2.12.7 The pH effect on the uptake of fluoride hy PI at 298.15 K
The effect of pH on the extraction was studied by varying the pH of the initial
concentration. The initial solutions of fluoride were adjusted using hydrochloric acid
(HCl) or ammonium hydroxide (NH4OH) to the desired pH values ranging from 2 to 12.
The pH of solutions was measured with a digital micro-processor pH-meter equipped
with glass electrode. Two standards buffer solutions at pH = 4 .0 and pH =7.0 were used
for calibration. The measurement procedure used was the same as described in Section 
2.12.3.
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2.13 Determination of mercury(II) from aqueous solution using a volumetric 
method
A direct titration method was used to measure the initial and the equilibrium 
concentrations of mercury(II) in the aqueous solutions. The sample solution was adjusted 
to the required conditions by adding buffer and Murexide as indicator. The disodium 
ethylenediamine tetra-acetate dehydrate salt was added until the color change indicates 
the endpoint^
Solutions used were prepared as follows:
i) Disodium ethylenediamine tetra-acetate dihydrate: The solution was prepared by 
dissolving disodium ethylenediamine tetra-acetate dihydrate CioHi4N20gNa2.2H20 (1.87 
g) in distilled water (11). ( [EDTA] = 5.00x10'^ mol dm'^)
ii) Murexide: A saturated solution of murexide was prepared in water. The solution was 
then filtered and stored in a bottle. Murexide ACS reagent grade was purchased from the 
Aldrich Chemical Company.
iii) Mercury nitrate monohydrate: Mercury(II) nitrate monohydrate, Hg(N03)2.H20 
(0.87 g) was dissolved in water (500 cm^).
2.13.1 Extraction of mercury(II) by the oligomeric material (PI)
Batch experiments were carried out to study the extraction of mercury from aqueous 
solution using the calix[4]pyrrole oligomeric material (PI). A given volume (10 ml) of 
the solution was placed in a glass-stopered test tube sealed with nescofilm, to which the 
required amount of the material (0.05 g) was introduced. The mixture was shake for two 
minutes then placed in a thermostated bath at 298.15 K. After equilibrium was reached, 
the solutions were filtered by a 0.45 pm (pore size) membrane filter using a syringe. An
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aliquot of the solution (10 ml) was placed in 50 ml conical flask. The pH of the solution 
was adjusted by adding drops of sodium hydroxide solution until a pH of 6 was reached. 
Then the murexide indicator solution (2-3 drops) was added and the solution was titrated 
with EDTA (5.00x10'^ mol dm'^) until the color changes from purple to yellow. The end 
point was recorded and an average of three trials was taken. The percentage of mercury 
removed was calculated by the use of eq. 2.36.
2.13.2 Kinetics of the removal of mercury from aqueous solutions at 298.15 K using 
PI
To evaluate the time required to attain equilibrium, a series of batch experiments were 
performed at 298.15 K. Equal volumes (10 cm^) of aqueous solutions containing the 
mercury salt (5.00 x 10'  ^mol dm'^) were mixed with a fixed mass of the material (0.05 g) 
and at a pH of ~ 4.5 at different contact times from 5 minutes to 1440 minutes at 298.15 
K. The same procedure described previously (Section 2.13.1) for the analytical 
determination of mercury in the aqueous solution was applied.
2.13.3 Determination of the optimum amount of PI used in the extraction 
experiments at 298.15 K
The optimum mass was determined by fixing the concentration of mercury (5.00 x 10'^  
mol dm" )^ and using different amounts of the oligomeric material (PI) from 0.003 to 0.20 
g. A fixed volume (10 ml) of the contaminant was added to test tubes with different 
amounts of the oligomeric material PI at 298.15 K. Then the procedure described 
previously for the analytical determination of mercury in the aqueous solution (section 
2.13.1) was used.
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2.13.4 The pH effect on the uptake of mercury by PI at 298.15 K
The pH effect on the mercury removal process was studied by adding a volume (10 ml) 
of a known concentration of the mercury nitrate salt (5.00 x 10'  ^mol dm‘^ ) to the test 
tubes containing fixed amount of PI (0.05 g). The stock solutions of mercury were 
adjusted with hydrochloric acid (HCl) or ammonium hydroxide (NH4OH) to the desired 
pH values ranging from 2 to 10. The pH of solutions was measured with a digital micro­
processor pH-meter equipped with glass electrode. Before any performance the pH meter 
was calibrated by two standards buffer solutions at pH = 4.0 and pH =7.0. The 
measurement procedure used was the same as described in Section 2.13.1.
2.13.5 Determination of the capacity of PI to uptake mercury from aqueous solution 
at 298.15 K
In order to estimate the uptake capacity of the oligomeric material PI for the removal of 
the salt (as nitrate) from aqueous solutions, batch experiments were carried out at 298.15 
K by equilibrating a fixed amount of PI (0.05 g) with an accurate volume of aqueous 
solution (10 cm^) containing different concentrations of mercury salt (9.00 x 10"^- 6.00 
X 10'  ^mol dm" )^ for 24 hours. Then the procedure in section 2.13.1 was applied. The 
uptake capacity, qeq (mmol g'^), or the amount of mercury taken up per unit mass of PI 
was calculated using eq. 2.37.
2.14 The removal of dihydrogen phosphate (HzPO^  ^from aqueous solutions
2.14.1 Determination of phosphate by UV/Visible spectroscopy
The extraction process between phosphate, modified silica and methylated phenoxy- 
silicate was assessed by comparing the absorption spectra of the macrocycle in the
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absence and in the presence of pollutants. A CECIL 8000 series spectrophotometer 
equipped with deuterium and tungsten lamps and white quartz cuvettes of 1 cm path 
length was used. Blank experiments were performed prior to recording the absorption 
spectra. In doing this, the reference cell was filled with the corresponding solvent only. 
The spectrophotometer was linked to a PC using “Data Stream” software.
2.14.2 Analytical determination of H2PO4 in aqueous solutions
The method for the analysis of phosphate from aqueous solution was the one reported in 
the l i t e r a t u r e ^ T h e  reaction involves the formation of molybdophosphoric acid 
which is reduced to the intensely colored complex, molybdenum blue (eq. 2.38). The blue 
colored sample is then analyzed spectrophotometrically at a wavelength of 650 nm.
7 H3PO4 + 12 (NH4)6Mo7024+ 51 H '"-> 7  (NH4)3P04 .12Mo03 + 51 NR4 ' + 36H 2O 2.38
Solutions used were prepared as follows:
i) Ammonium molybdate reagent: The solution was prepared by dissolving 
ammonium molybdate (NH4)6Mo?024.4H20 (25 g) in distilled water (175 cm^). 
Cautiously, concentrated H2SO4 (280 cm^) was added to distilled water (400 cm^). 
The acid solution was cooled down, the molybdate solution was added and the entire 
mixture was diluted to 1 litre.
ii) Tin(II) chloride reagent: Stannous chloride dihydrate, SnCl2.2H20 (2.5 g) was 
dissolved in glycerine (100 cm^). The mixture was gently heated until complete 
dissolution of the salt in this solution.
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2.14.3 Standard procedure for measuring dihydrogen phosphate in solution
In a 25 cm^ conical flask containing the water sample to be analyzed, ammonium 
molybdate solution (1 cm^) was added and the flask was swirled to mix the components. 
Two drops of tin (II) chloride solution were added and mixed by swirling. In the presence 
of phosphate, a blue color develops in a short period of time (5 minutes). All 
measurements were taken in the same time interval (5 min after adding stannous 
chloride). The initial and equilibrium concentrations of dihydrogen phosphate were 
measured by UV spectrophotometer at a wavelength of 650 nm.
2.14.4 Effect of pH on the uptake of dihydrogen phosphate by P2, LI and L2 at 
298.15 K
The effect of pH on the removal process was studied by adding a volume (10 ml) of an 
aqueous solution of known concentrations of the dihydrogen phosphate (1.00 x 10'^  mol 
dm" )^ to the tests tubes containing a fixed amount of the materials P2, LI and L2 (0.09,
0.03 and 0.009 g) respectively. The stock solutions of dihydrogen phosphate were 
adjusted with hydrochloric acid (HCl) or ammonium hydroxide (NH4OH) to the desired 
pH values ranging fi"om 2 to 10 and measured with a digital micro-processor pH-meter 
equipped with glass electrode. Two standards buffer solutions at pH = 4 .0 and pH =7.0 
were used for calibration. Then the procedure in section 2.14.3 was applied.The 
percentage of removal was calculated using eq. 2.36.
2.14.5 Kinetics of dihydrogen phosphate extraction from aqueous solutions at 298.15 
K
Batch equilibrium experiments were performed at 298.15 K to evaluate the time required 
to attain equilibrium. Times between 5 minutes and 1440 minutes were investigated. The 
other parameters such as mass of the materials (0.09, 0.03 and 0.009 g for P2, LI and L2
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respectively), the concentration (1.00 x 10'  ^ mol dm'^), pH (~5), temperature (298.15 K) 
and the time of agitation (2 minutes) were kept constant. The same procedure described 
previously (Section 2.14.3) for the analytical determination of phosphate in the aqueous 
solution was applied. The equilibrium concentrations of the anion versus the equilibration 
time at 298.15 K were plotted. Then the procedure (Section 2.14.3) described previously 
for the analytical determination of phosphate in the aqueous solution was used.
2.14.6 Determination of the optimum amount of P2, LI and L2 for the uptake of 
dihydrogen phosphate from aqueous solution at 298.15 K
The optimum amount of the materials was determined by fixing the concentration of 
dihydrogen phosphate at 1.00 x 10"' mol dm"  ^ and using different amounts of the 
materials, a fixed volume (10 cm^) of the contaminant was added to test tubes with 
different amounts of the materials ranging from 0.003 to 0.200 g at 298.15 K. Then same 
procedure was used as described previously for the analytical determination of phosphate 
in the aqueous solution. (Section 2.14.3)
2.14.7 Determination of the uptake capacity of the minerals
In order to estimate the uptake capacity of the materials for the dihydrogen phosphate 
from aqueous solutions, batch experiments were carried out at 298.15 K by varying the 
concentrations of phosphate (1.00 x 10'^- 1.00 x 10"' mol dm"^) with a fixed mass of the 
materials (0.09, 0.03 and 0.009 g for P2, LI and L2 respectively). The uptake capacity, 
qeq (mmol g"'), per unit mass of material was calculated using eq. 2.37. The measurement 
procedure used was the same as described in Section 2.14.3.
The same procedure used for the determination of phosphate is applied for arsenate 
uptake in water.
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in. Results and discussion
Due to the high affinity of the calix[4]pyrroles towards anions, this work has been carried 
out using derivatives of these macrocycles and comparing the results obtained with 
previous published ones. Calix[4]pyrrole derivatives investigated in this thesis are shown 
in Fig. 3.1. The synthetic procedures used to obtain these ligands were described in the 
Experimental Section of this thesis.
Meso-tetramethyl tetrakis- 
(4-phenyl methyl ester)calix[4]pyrrole, CP(I)
Meso-tetramethyl tetrakis- 
(4-phenoxy acetone)calix[4]pyrrole, CP(II)
Fig. 3.1 Structural formulas, names and abbreviations for calix[4]pyrrole derivatives.
In this chapter, results will be discussed in the following order:
i. NMR characterization of calix[4]pyrrole derivatives [CP(I) and CP(II)] in 
deuterated solvents.
ii. Solubility data and solution thermodynamics of CP(I) and CP(II) in different 
solvents.
iii. NMR measurements involving the interaction of the ligands with anions and
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cations in de-DMSO and CD3CN at 298 K.
iv. Conductometric titrations of anion salts with calixpyrrole derivatives in several 
solvents at 298.15 K.
V. Thermodynamics of complexation of calixpyrrole derivatives and anions and 
metal cations in various solvents at 298.15 K.
vi. Thermodynamics of solution of CP(I) in various solvents at 298.15 K.
vii. Thermodynamics of transfer of reactants and product from one solvent (reference 
solvent) to another. The medium effect on anion complexation processes 
involving CP(I).
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3.1 NMR data for the characterization of calixpyrrole derivatives in 
different solvents at 298 K
The nature of the medium effect has influence on the interaction between a ligand and its 
guests. Ligand-solvent interactions are one of the factors affecting anion complexation 
processes.
The NMR studies involve:
i) Characterization of each ligand in deuterated solvents at 298 K.
ii) Investigation of the possible interaction between the ligands and anions and cations at 
298 K.
Due to the low solubility of the ligands in some solvents, the NMR measurements
were carried out in dg-DMSO and CD3CN at 298 K.
3.1.1 NMR data of CP(I) in deuterated solvents at 298 K
The NMR spectrum of 1 in de-DMSO at 298 K confirms that the ligand was obtained;
the characteristic singlets peaks at 9.47, 9.28 and 1.74 ppm correspond to the OH, NH of 
the pyrrole ring and the methyl (CH3) protons respectively.
The NMR spectra in de-DMSG for 1 and CP(I) are shown in Figs 3.2 and 3.3 
respectively.
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Fig. 3.2 NMR spectrum of 1 in de-DMSO at 298 K.
The NMR spectrum of CP(I) in de-DMSO (Fig 3.3) shows a set of protons in different 
environments. Proton (1) corresponds to the NH of the pyrrole ring (9.5 ppm), proton (2) 
is that of the P-carbon of the pyrrole ring (6.0 ppm), proton (3) corresponds to the 
aromatic moieties (7.0 and 6.9 ppm), proton (4) corresponds to the methyl group situated 
next to the carbonyl group (2.1 ppm) and proton (5) is that of the methyl groups situated 
at the bridge between the two pyrrole rings.
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Fig. 3.3 NMR spectrum of CP(I) in dg-DMSO at 298 K.
The NMR spectrum of CP(I) was recorded at 298 K in two different solvents dô- 
DMSG and CD3CN. Table 3.1 reports the proton chemical shifts observed in the 
NMR spectra of CP(I) in dg-DMSO and CD3CN.
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Table 3.1 NMR data for CP(I) in deuterated solvents at 298 K.
5 (ppm)
Protons
1 2 3 4 5
dô-DMSO 9.52 7.01 5.99 2.22 1.79
6.92
CD3 CN 7.98 7.06 6.05 2.14 1.73
6.97
The chemical shifts of the protons of CP(I) are affected by the solvent. Significant 
differences in the chemical shifts were observed in the protons of the NH group. The 
NMR spectrum of CP(I) in dg-DMSO shows a downfield chemical shift change for the 
proton of the NH group as compared to that in CD3CN. This might be attributed to the 
tendency of the former solvent to form hydrogen bond formation with this group. The dg- 
DMSO solvent is a protophilic dipolar aprotic solvent and due to its basic character, it is 
able to enter hydrogen bond formation with the NH of the pyrrolic rings. This leads to a 
deshielding effect on this proton causing its signal to shift downfield.
The variation in the chemical shifts of the protons observed in the ^H NMR spectra of 
CP(I) in different solvents strongly suggest that solvent-ligand interactions differ from 
one solvent to another^
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3.1.2 H  NMR data of CP(II) in deuterated solvents at 298 K
Analysis of the NMR spectrum of CP(II) in dg-DMSO shown in Fig. 3.4 shows that 
the signal for the NH protons (1) of the pyrrole rings are found at 9.42 ppm; while signals 
for the pyrrole proton (2) appears at 5.94 ppm. The peaks observed at 6.79 and 6.74 ppm 
correspond to the aromatic protons (3). The methylene protons located between the 
ethereal and the carbonyl groups (4) and those for the methyl group situated next to the 
carbonyl (5) and that of the bridge (6) appear at 4.706, 2.128 and 1.717 ppm respectively. 
Fig 3.5 shows the ^H NMR spectrum of CP(II) in CD3CN at 298 K.
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Fig. 3.4 ^H NMR spectrum of CP(II) in dg-DMSO at 298 K.
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Fig. 3.5 NMR spectrum of CP(II) in CD3CN at 298 K.
The NMR spectrum of CP(II) in CD3CN shows clearly the different protons of this 
ligand. A single peak was observed at 7.91 ppm corresponding to the NH proton of the 
pyrrolic rings (1), while the pair of doublets at 6.80 and 6.73 ppm are those for the 
aromatic protons (3). A singlet peak at 6.00 ppm corresponds to the g-carbon of the 
pyrrole rings (2), while the three sets of singlets at 4.65, 2.11 and 1.81 ppm are those for 
the methylene protons situated between the ethereal and the carbonyl groups (4), the 
methyl group next to the carbonyl (5) and that of the bridge (6).
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Table 3.2 NMR data for CP(II) in deuterated solvents at 298 K.
5 (ppm )
Protons
1 2 3 4 5 6
de-DMSO 9.42 6.79
6.74
5.94 4.70 2.12 1.71
CD3CN 7.91 6.80 6.00 4.65 2.11 1.81
6.73
NMR measurements on CP(II) were performed in dg-DMSO and CD3CN. It is clear 
from Table 3.2 that in both solvents, the chemical shifts of the CP(II) protons are 
approximately the same except for the NH protons where a downfield shift is observed 
for dô-DMSO relative to CD3CN. This observation is similar to that previously discussed 
for CP(I) and again it is attributed to the protophilic property of the solvent. The basic 
oxygen atoms in de-DMSO are able to interact with the pyrrole proton to enter hydrogen 
bond formation. This possibility is absent in CD3CN.
Having characterized the calixpyrrole derivatives, solubility measurements in various 
solvents at 298.15 K were carried out for two purposes. The first one was to check 
whether the ligand was soluble enough in solvents characterised by a moderate dielectric 
constant (in order to ensure that ions rather than ion pairs predominate in solution).This is 
an important factor to consider in the derivation of accurate thermodynamic data. The
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second objective was to gain information on the standard Gibbs energies of transfer of the 
ligand jfrom one solvent relative to another. This parameter provides information 
regarding the difference in solvation of these ligands in one solvent relative to another. 
The role of solvation in complexation processes has been previously discussed^
3.2 Solubility measurements of calixpyrrole derivatives and derived standard 
Gibbs energies of solution. Transfer Gibbs energies from acetonitrile to other 
solvents at 298.15 K
Solubilities of calix[4]pyrrole derivatives in various non-aqueous solvents (acetonitrile, 
MeCN; ethanol, EtOH; methanol, MeOH; dimethyl sulfoxide, DMSO; N,N- 
dimethylformamide, DMF; propylene carbonate, PC) are reported in Table 3.3 at 298.15 
K.
Solubility data refer to the process represented by eq. 3.1 where the calixpyrrole 
derivative, CP, in the solid state (sol.) is in equilibrium with its saturated solution (s).
C P iso l.)< -^C P (.s )  3.1
Standard Gibbs energies of solution, A;G°, were calculated from solubility data using eq. 
3.2, only when the solid phase was not altered by solvate formation.
Ap^=-RT]na^^ 3.2
In eq. 3.2, R is the gas constant (8.314 J K'  ^ mol'^); T is the temperature in Kelvin 
(298.15 K), aL is the activity of the ligand (mol dm'^) in the saturated solution. Given that 
this is a neutral ligand and the solubility is low, it is assumed that the activity coefficient 
is equal to 1. Therefore the activity of the ligand is approximately equal to its 
concentration on the molar scale (mol dm'^). The data are referred to the standard state of
1 0 3
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1 mol dm‘^ . Therefore the units are cancelled.
Solubility data for CP(I) and CP(II) in aprotic and protic solvents at 298.15 K are 
reported in Tables 3.3-3.5. These are the result of three analytical measurements carried 
out on the same saturated solution. The standard deviation of the data was calculated 
from eq. 3.3
»=1 3.3
n -1
In this equation ,X  ^ ,X  and n are the notations used to indicate measured solubility, an 
average solubility and the number of measurements performed in the appropriate solvent.
Table 3.3 Solubilities of calixpyrrole derivatives in various solvents at 298.15 K.
Solubility mol dm^
2117 CP(D CPdD
MeCN (9.45±0.04)xl0'^ (6.4±0.6)xl0'^ (4.5±0.5)xl0'^
MeOH (7.52±0.02)xl0'^ (2 .6±0.1)x l0-^ (5.20±0.02)xl0‘^
EtOH (3.63±0.03)xl0'^ (3.4±0.5)xl0'^ (8.6±0 .1)x l0'^
DMF Solvate
formation
(1.4±0.1)xl0'^
DMSO Solvate
formation
(2.09±0.08)xl0'^ (1.15±0.05)xl0'‘
PC Solvate
formation
(1.4±0.1)xl0'^ (1.67±0.02)xl0''
Solvent abbreviation: acetonitrile, MeCN; propylene carbonate, PC; dimethyl sulfoxide, DMSO; N,N- 
dimethylformamide, DMF; methanol, MeOH; ethanol, EtOH.
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CP(I) is an ester with the oxygen in conjugation with the carbonyl functional group. This 
will tend to keep these atoms in the same plane with the benzene ring, stabilizing the 
crystal lattice (this is also reflected in the melting point of CP(I) which it was found to be 
192 compared to 136 for CP(II)). It is probably more relevant to consider the 
polarity nature of the ester functionality. This charge separation would also contribute to 
crystal lattice stability relative to the more flexible and unconjugated ketone in CP(II) 
which lacks the charge separation thus increasing the solubility of this ligand in non- 
aqueous solvents.
In solvents where the ligand undergoes solvate formation it was not possible to determine 
the AsG® since the composition of the solid in equilibrium with the saturated solution is 
not the same^^ .^
The transfer Gibbs free energy, AtG®, was calculated using acetonitrile as the reference 
solvent Si (eq. 3.4)
A ,G \C f)(j, = A,G°(CP)(:yJ-A,G'(CP)(jJ 3.4
In eq. 3.4, AgG^  (si) and AgG^  (s%) indicate the standard Gibbs energy of solution of the 
ligand in the reference solvent, si, and in any other solvent, S2 respectively. The standard 
Gibbs free energy of transfer, AtG® presented in Table 3.4 reflects the difference in 
solvation of this neutral ligand in s% relative to si.
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Table 3.4 Standard Gibbs energies of solution of calixpyrrole derivatives in various 
solvents at 298.15 K.
AsG® k J mol'^
2 (page 23) CP(D CP(II)
MeCN 17.26 18.23 7.68
MeOH 8.22 20.46 13.27
EtOH 6.41 19.80 17.50
DMF Solvate
formation
10.58 ----
DMSO Solvate
formation
9.59 5.36
PC Solvate
formation
10.58 4.45
Table 3.5 Derived transfer Gibbs energies from acetonitrile to other solv(
AtG® nMeCN->s) kJ mol -1
2 CP(D CP(II)
MeCN 0.00 0.00 0.00
MeOH -9.04 2.23 5.59
EtOH -10.85 1.57 9.82
DMF Solvate
formation
-7.65 ----
DMSO Solvate
formation
-8.64 -2.32
PC Solvate
formation
-7.65 -3.23
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Analysis of AtG values shows that the ability of calixpyrrole derivatives to interact with 
the solvents follows the sequence,
CP(D :
DMSO > PC = DMF > MeCN > EtOH >MeOH
CP(II):
PC > DMSO > MeCN > MeOH > EtOH
The results show that CP(I) is favorably transferred to other aprotic solvents such as PC, 
DMSO and DMF while its solvation in MeCN does not differ significantly from that in 
the alcohols. These results contrast significantly with those for the analogous receptor, 2 
(structure page 23) (Table 3.5) which is favorably transferred to the alcohols. Thus the 
replacement of the phenolic hydrogen (likely to interact strongly with MeOH and EtOH 
through hydrogen bond formation) by an ester fimctional group CP(I) has altered 
sigmficantly the solvation properties of 2 and this may have some implications on the 
complexing properties of CP(I) relative to 2.
The negative AtG® (MeCN-^s) values for CP(I) and CP(II) in transfers to PC, DMSO and 
DMF reflect the high interaction of these ligands in these solvents relative to acetonitrile. 
The variation in the AtG® value observed for CP(II) from MeCN to EtOH is significant.
Having determined the solubility of these ligands in various solvents, ^H NMR 
measurements were carried out to establish the ability of these ligands to interact with 
anions and metal cations and this is discussed in the following Section.
1 0 7
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3.3 NMR complexation studies
NMR measurements were carried out by adding to the ligand an excess amount of the 
anions and metal cation salt in the appropriate deuterated solvent. These were performed 
in order,
i) To establish whether complex formation occurs between these macrocyclic ligands and 
ionic species in the solvent of interest and if so the active sites of the interaction of the 
ligand.
ii) To investigate the conformational changes that the ligand undergoes upon 
complexation with anions and metal cations.
3.3.1 NMR studies of CP(I) with anions and metal cations in de-DMSO and 
CD3CNat298K
As described in the Experimental Section, an excess of the corresponding anion and 
metal cation salt solution was added to the NMR tube containing a solution of the CP(I)
in dô-DMSO and CD3CN. Tables 3.6 and 3.7 list the chemical shift changes (A5 ppm)
observed in the NMR spectra of CP (I) in dg-DMSO and CD3CN at 298.15 K by thé 
addition of the ionic guests.
Chemical shift changes (A5, ppm) for each proton with respect to those of the free ligand 
were calculated using eq. 3.5 and these are also included in Tables 3.6 and 3.7.
AÔ —Ôcomplex bfree ligand
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Table 3.6 NMR chemical shifts (5) and chemical shift changes (Aô) of CP(I) protons 
upon the addition of anion and metal cation salts in dg-DMSO at 298 K.
AS ppm
5
Ligand 9.525 7.016 6.929 5.998 2.228 1.799
F 2.913 -0.192 -0.177 -0.072 -0.007 -0.072
c r -0.002 0.000 -0.004 -0.004 -0.003 -0.009
B f -0.010 -0.001 -0.007 0.000 -0.000 -0.000
r -0.004 -0.003 -0.007 0.000 -0.005 -0.002
HSOT 0.001 0.001 -0.003 0.002 0.000 -0.007
NOT -0.004 -0.002 -0.009 0.000 -0.005 -0.006
H2PO4- -0.004 -0.002 0.009 -0.010 -0.006 -0.005
Li+ -0.032 -0.009 -0.031 -0.020 -0.016 -0.030
Na"" -0.008 -0.004 -0.013 0.067 -0.008 -0.009
K" -0.004 -0.003 -0.005 0.005 -0.006 -0.005
Rb+ -0.021 -0.006 -0.011 -0.009 -0.010 -0.018
Ca^+ -0.038 -0.010 -0.034 0.003 -0.024 -0.025
Mg"+ 0.014 -0.005 -0.018 0.003 -0.016 -0.017
Ba^+ -0.006 -0.003 -0.019 -0.008 -0.013 -0.012
Sr^ "" 0.023 0.010 0.026 0.010 0.013 -0.024
Cd^^ -0.016 -0.005 -0.014 0.002 ' -0.006 -0.017
Ag" -0.012 -0.012 -0.028 0.008 -0.014 -0.022
-0.007 -0.002 -0.010 0.003 -0.069 -0.009
A significant downfield change (AS =2.913 ppm) in the NH proton of the pyrrolic ring 
relative to that of the free ligand was only observed when the fluoride salt was added.
This is a clear indication that this anion interacts with this receptor through hydrogen 
bond formation between the pyrrolic proton and the fluoride anion. No changes were
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observed in the NMR spectrum of CP(I) in this solvent when other salts containing 
different anions (chloride, bromide, iodide, hydrogen sulphate, dihydrogen phosphate, 
and nitrate) and cations (alkali, alkaline-earth and heavy metals) were added to the 
ligand suggesting the absence of interaction.
In moving from dg-DMSO to CD3CN (Table 3.7), significant chemical shift changes were 
observed for F' and Hg(II) ions.
The NMR spectrum of this ligand in CD3CN shows an upfield shift for the fluoride 
anion in Hi (NH proton of the pyrrolic ring) (Table 3.7). This is an unusual behavior 
which may be due to conformational changes in the ligand which are taking place upon 
complexation, thus shielding this proton from the external magnetic field.
As far as cations are concerned, no significant chemical shift changes were observed 
except for mercury. The deshielding effect observed for H-5 and H-6 are quite significant 
and strongly suggest that the oxygen donor atoms of the pendant arm are providing the 
sites of interaction of CP(I) with this cation in this solvent.
Based on the above statements, it is therefore concluded that CP(I) shows a significant 
discriminating behaviour in dimethylsulfoxide for anions and cations since NMR 
studies reflect that this ligand interacts only with the fluoride anion. In acetonitrile, CP(I) 
is able to recognize not only this anion but also the mercury cation. These results reflect 
the effect of the medium on the complexation process. In discussing the solubility of both 
ligands [2 and CP(I)], emphasis was made about the solvation changes observed in 
moving from 2 to CP(I). It was also stated that this may have implications on the 
complexing properties of these ligands with anions. As fas as 2 is concerned, NMR 
studies in acetonitrile reveals that this ligand interacts with fluoride, chloride and bromide 
ions. As far as the fluoride complexation is concerned, significant changes were observed 
for the OH group, while for chloride and bromide, the changes were observed for the NH 
proton of the pyrrolic ring.
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Table 3.7 NMR chemical shifts (5) and chemical shift changes (AÔ) of CP(I) protons 
upon the addition Of anions and metal cations in CD3CN at 298 K.
A S ppm
H
1 0  ^
1 4 5 6
V_
5
Ligand 7.982 6.051 2.140 1.730
F" -0.271 -0.093 -0.087 -0.030
cr -0.078 -0.010 -0.030 -0.090
Br" -0.066 -0.074 -0.029 -0.019
r -0.019 -0.013 -0.027 -0.003
HSOT -0.005 -0.005 -0.008 -0.026
H2PO4- -0.026 -0.002 -0.004 -0.076
Li+ -0.049 -0.020 -0.010 -0.054
Na"" -0.048 -0.034 -0.020 -0.038
-0.003 -0.003 -0.005 -0.036
Rb+ -0.002 -0.005 -0.004 -0.062
Ca'+ -0.026 -0.021 -0.029 -0.049
Mg"+ -0.009 -0.016 -0.023 -0.005
Ba^+ -0.006 -0.014 -0.015 -0.020
Sr^ + -0.019 -0.009 -0.006 -0.035
Cd^ '*' -0.023 -0.020 -0.034 -0.014
Ag+ -0.019 -0.009 -0.008 -0.020
--- — 0.340 0.250
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3.3.2 NMR studies of CP(II) with anions and metal cations in CD3CN at 298 K
Table 3.8 lists the chemical shift changes observed in the NMR spectrum of CP(II) 
upon the addition of excess amounts of anion and metal cation salts in CD3CN at 298 K. 
Chemical shift changes were observed when F', Cl", Br" and Hg^ "^  salts were added to 
CP(II) in CD3CN while the addition of other salts did not lead to any changes in the 
spectrum relative to that of the free ligand.
As far as the halides are concerned, downfield changes are observed for the pyrrolic 
proton (H-1) which may be due to the involvement of the NH protons in hydrogen 
bonding interactions with the halides. Thus the NH proton experiences a deshielding 
effect in the following sequence
F">Cl">Br"
As far as metal cations in CD3CN are concerned, the most significant change is observed 
in the ligand protons upon the addition of the Hg(II) cation salt (Table 3.8). Thus the 
addition of this salt to CP(II) in CD3CN leads to downfield changes in H-5, H-6 and H-7. 
These findings may suggest that both, the carbonyl and the ethereal oxygen donor atoms 
provide the sites of interaction of this ligand with this cation in this solvent.
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Table 3.8 NMR chemical shifts (5) and chemical shift changes (Aô) of CP(II) protons 
upon the addition of anion and metal cation salts in CD3CN at 298 K.
AÔ ppm
6
Ligand 7.914 6.802 6.735 6.002 4.652 2.110 1.815
F’ 4.416 0.116 0.123 0.107 0.120 0.030 -0.055
cr 3.396 -0.011 -0.079 -0.090 -0.070 0.040 -0.051
Br' 2.009 0.006 0.012 0.001 0.014 0.028 0.007
r 0.017 0.015 0.020 0.017 0.019 0.006 0.025
H2P04 ' 0.006 0.006 0.006 0.007 0.006 -0.010 0.007
H sor 0.009 0.008 0.013 0.009 0.015 -0.010 0.013
L f 0.004 0.008 0.003 -0.003 0.006 0.056 0.003
Na^ 0.003 -0.005 0.003 0.003 0.005 0.056 0.001
K"" 0.004 0.003 0.005 0.004 0.005 -0.003 0.004
Rb+ -0.006 0.005 0.007 0.007 0.007 -0.003 0.007
Mg"+ 0.007 0.004 0.010 0.005 0.011 0.061 0.007
Ca^+ 0.005 0.004 0.017 0.005 0.019 0.067 0.008
Sr^ + 0.001 0.010 0.007 0.001 0.008 0.058 0.003
Ba^+ -0.005 -0.006 0.001 -0.005 0.001 0.052 -0.003
' Ag+ 0.007 -0.012 0.001 0.002 0.004 0.008 -0.002
Cd^^ 0.007 0.004 0.009 0.006 0.010 0.047 0.006
Ph^ "" -0.008 -0.005 0.011 -0.005 0.019 0.058 -0.002
0.014 0.029 0.059 0.069 0.225 0.183 0.105
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A relationship was found between the Aô values of the pyrrolic protons of CP(II) in 
CD3CN and the anion size (Fig. 3.6) where the magnitude of chemical shift changes
77increases with the electronegativity character of the anion.
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Fig. 3.6 Relationship between Aô values for the pyrrole proton (NH) of CP(II) and the 
ionic radii of halide anions^^ in CD3CN at 298 K.
In terms of selectivity, CP(I) was found to be more selective than CP(II) due to its unique 
interaction with the fluoride anion in acetonitrile among all the halides investigated.
Having established the active sites of interaction of these ligands with anions and metal 
cations in different solvents at 298 K, conductance studies were performed in order to 
determine the composition of the ligand-ion complexes and to gain semi-quantitative 
information regarding the strength of complexation of these ligands with ionic species in 
a given medium. The data are discussed in the following Section.
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3.4 Conductometric measurements
Conductomelxic titrations are used to determine the complex stoichiometry between the 
macrocycles and anions and metal cations in solution. A variation in the electrical 
conductance of the salt by the addition of the ligand provides information regarding the 
composition of the ligand-ion complex as well as a quantitative and qualitative 
assessment of the strength of ion complexation with these ligands. Within the context of 
this work, conductometric measurements were only used for a qualitative assessment of 
the strength of complexation.
In this work, conductance measurements were carried out with the aim of determining
i) The composition of the metal-ion complex.
ii) Qualitatively the extent of complexation.
Before discussing the conductometric behaviour of these systems, the results obtained in 
the determination of the conductivity cell constant are presented.
3.4.1 Determination of the cell constant at 298.15
To calculate the cell constant, 0 (cm‘ )^, the initial weight and the conductance of the 
deionized water in the vessel, the concentration of KCl (c = 0.1 mol dm and the weight 
added of the salt solution were considered.
The initial volume Vi was calculated using eq. 3.6
‘'■ - T  “
In this equation wt (g) is the weight of the added solution and ô is the density of water 
(Ô = 0.997 g cm"  ^at 25
Thus the final concentration of KCl, C2 (mol dm'^) in the vessel was calculated using eq. 
3.7
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In this equation V2 (ml) is the total volume after each addition of KCl in the reaction 
vessel. In Table 3.9 the Am values of KCl in water against the cell constant are shown.
Table 3.9 Calculated molar conductance and the cell constant at 298.15 K.
Am (S cm^ moF^) 0 (cm-i) Am (S cm^ mol'^) 0 (cm'i)
147.84 1.11 144.39 1.05
147.20 1.24 144.18 1.06
146.71 1.16 143.99 1.07
146.30 1.12 143.76 1.04
145.95 1.10 143.59 1.05
145.63 1.09 143.39 1.03
145.34 1.08 143.23 1.05
145.08 1.10 143.07 1.03
144.83 1.09 142.93 1.03
144.60 1.08 144.60 1.08
From data shown in Table 3.9, the average value of the cell constant 0 (cm'^) was found
to be 1.1 ± 0.2 cm"\
Having determined the conductivity cell constant, the results of conductometric titrations 
of anion and cation salts with the appropriate ligand in the appropriate solvent are now 
discussed.
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3.4.2 Conductometric titration of anions and cations with CP(I) in different solvents 
at 298.15 K
Following to the chemical shift changes observed relative to the ligand in the ’H NMR 
spectra upon the addition of fluoride to CP(I) in dimethylsulfoxide and fluoride and 
mercury in acetonitrile, conductometric titrations were performed. The molar 
conductance Am (S cm^ mol'^), against the ligand/anion concentration ratio [CP®]/[F‘], 
was plotted in order to determine the stoichiometry of the complexation process. Table 
3.10 shows the results obtained from the conductometric titration experiments for the 
fluoride anion salt with CP(I) in acetonitrile at 298.15 K. The titration curve in 
acetonitrile (Fig. 3.7) shows a decrease in conductance upon addition of the ligand to the 
solution containing the anion salt. This is attributed to an increase in the size of the anion 
in moving from the free to the complex state, which results in a lower mobility and 
consequently a decrease in conductivity. The conductometric curve is the result of the 
combination of two linear segments with a well-defined change in curvature at the 
stoichiometry of the reaction (1:1). It should be noted that the molar conductance value at 
infinite dilution for tetra-n-butylammonium fluoride investigated in acetonitrile is within 
the range expected as compared with the A®m value reported in the litterature^^^ (155 S 
cm^ moT^).
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Fig. 3.7 Conductometric titration curve of fluoride (tetra-n-butylammonium as counter 
ion) with CP(I) in acetonitrile in 298.15 K.
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Table 3.10 Conductometric titration data for fluoride (tetra-n-butylammonium as counter 
ion) with CP(I) in acetonitrile in 298.15 K.
rcp(Di/rFi Am(S cm^ mol'^)
0.00 157.50
0.10 150.89
0.20 . 143.77
0.31 136.81
0.41 129.97
0.51 123.19
0.61 116.62
0.72 110.70
0.82 106.10
0.92 - 101.61
1.02 101.36
1.13 100.25
1.23 99.97
1.33 99.22
1.43 98.96
rcp(Di/rF-] Am(S cm^moF^)
1.54 98.85
1.64 98.81
1.74 98.83
1.84 98.87
1.95 98.94
2.05 99.02
2.15 99.13
2.25 99.24
2.36 99.37
2.46 99.51
2.56 99.63
2.66 99.76
2.77 99.93
2.87 100.08
2.97 100.25
3.07 100.43
Table 3.11 shows the results obtained from the conductometric titration experiments for 
the fluoride anion with the ligand in propylene carbonate at 298.15 K. The titration curve 
of fluoride anion with CP(I) in propylene carbonate showed a well defined change in the 
curvature at the stoichiometry of the reaction (Fig. 3.7) suggesting the formation of a 
moderately stable complex. Therefore the point of intersection corresponding to the 
stoichiometry of the reaction is obtained by extrapolating the slope of the curve at low 
and high ligand/fluoride anion ratios to give a 1:1 CP(I)/F' complex.
1 1 8
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Fig. 3.8 Conductometric titration curve of fluoride (tetra-n-butylammonium as counter
ion) with CP(I) in propylene carbonate in 298.15 K.
Table 3.11 Conductometric titration data for fluoride (tetra-n-butylammonium as counter 
ion) with CP(I) in propylene carbonate in 298.15 K.
r c p a ) i /F i Am (S cm^ mol'^) rCP(I)l/rF1 Am (S cm^ mof^)
0.00 23.54 1.50 15.13
0.10 22.49 1.60 15.19
0.20 21.49 1.70 15.19
0.30 20.48 1.80 15.14
0.40 19.52 1.90 15.10
0.50 18.56 2.00 15.12
0.60 17.75 2.10 15.03
0.70 16.94 2.20 15.04
0.80 16.43 2.30 15.01
0.90 16.18 2.40 15.01
1.00 15.62 2.50 15.19
1.10 15.43 2.60 15.19
1.20 15.03 2.70 15.16
1.30 15.21 2.80 15.14
1.40 15.16 2.90 15.12
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As far as mercury is concerned, a complex of 1:1 (ligand: metal cation) stoichiometry and 
moderate stability was found during this complexation in acetonitrile at 298.15 K. This is 
reflected in the broad curvature in the slope of the titration plot shown in Fig. 3.9. The 
decrease in the molar conductance upon the addition of the ligand indicates that the 
mobility of the complex cation decreases, which may be attributed to an increase in its 
size relative to that of the flree cation.
The molar conductance value at infinite dilution for mercury perchlorate investigated in 
acetonitrile was found to be within the range expected as compared with the A°m value 
reported in the litterature^^^’^ ^^  which was 342.17 (S cm mol ).
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Fig. 3.9 Conductometric titration curve of mercury (perchlorate as counter ion) with 
CP(I) in acetonitrile in 298.15 K.
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Table 3.12 Conductometric titration data for mercury (perchlorate as counter ion) with 
CP(I) in acetonitrile in 298.15 K.
rcpa)i/rHg^1 Am (S cm^ moT^) rCP(I)l/fHg"1 Am (S cm^ moT^)
0.00 341.94 1.63 277.54
0.11 337.14 1.73 275.11
0.22 331.45 1.84 272.88
0.33 325.70 1.95 270.81
0.43 319.74 2.06 268.93
0.54 314.41 2.17 266.95
0.65 309.10 2.28 265.31
0.76 304.60 2.38 263.56
0.87 300.15 2.49 261.98
0.98 296.21 2.60 260.40
1.08 292.43 2.71 259.00
1.19 288.96 2.82 257.59
1.30 285.89 2.93 256.26
1.41 282.98 3.03 255.02
1.52 280.11 3.14 253.71
3.4.3 Conductometric titration of anions and cations with CP(II) in acetonitrile at
298.15 K
The change in the molar conductance of CP(II) upon addition of the guest (tetra-n-butyl 
ammonium anion salts) suggests that complexation is taking place between this ligand 
and the halides in acetonitrile.
Tables 3.13-3.15 show the results obtained from the conductometric titration experiments 
involving F‘, CT and B f anions with CP(II) in acetonitrile at 298.15 K. The Tables show 
the data for [CP(II)]/[X‘] concentration ratio as well as the Am values for each step of the 
titration. The corresponding titration curves are shown in Figs. 3.10-3.12.
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Fig. 3.10 Conductometric titration of fluoride (as tetrabutyl ammonium) with CP(II) in 
acetonitrile at 298.15 K.
Table 3.13 Conductometric titration data for fluoride (perchlorate as counter ion) with 
CP(I) in acetonitrile in 298.15 K.
fCP(II)l/[F'l Am (S cm^ mol'^) rCP(II)l/[F1 Am (S cm^ mol'^)
0.00 165.26 1.70 95.78
0.11 157.66 1.82 95.21
0.23 151.73 1.93 94.92
0.34 145.75 2.04 94.09
0.45 140.13 2.16 93.45
0.57 134.38 2.27 92.83
0.68 128.85 2.38 92.24
0.79 121.49 2.50 91.76
0.91 115.56 2.61 91.28
1.02 109.30 2.72 90.89 .
1.13 103.95 2.84 90.53
1.25 99.56 2.95 90.19
1.36 99.59 3.06 89.91
1.47 97.83 3.18 89.60
1.59 97.31 3.29 89.34
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Fig. 3.11 Conductometric titration of chloride (as tetra-n-butyl ammonium) with CP(II) 
in acetonitrile at 298.15 K.
Table 3.14 Conductometric titration data for chloride (as tetra-n-butyl ammonium) with 
CP(II) in acetonitrile in 298.15 K.
rcpai)i/rcn Am (S cm^ mol'^) TCPdDl/rcn Am (S cm^ mof^)
0.00 156.60 1.81 147.09
0.12 155.63 1.93 147.12
0.24 154.31 2.05 147.00
0.36 153.61 2.18 147.05
0.48 152.56 2.30 146.86
0.60 151.63 2.42 146.83
0.73 150.43 2.54 146.55
0.85 149.49 2.66 146.73
0.97 148.69 2.78 146.70
1.09 148.16 2.90 146.50
1.21 147.77 3.02 146.73
1.33 147.25 3.14 146.65
1.45 147.03 3.26 146.50
1.57 147.38 3.38 146.54
1.69 147.21 3.50 146.28
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Fig. 3.12 Conductometric titration of bromide (as tetra-n-butyl ammonium) with CP(II) 
in acetonitrile at 298.15 K.
Table 3.15 Conductometric titration data for bromide (as tetra-n-butyl ammonium) with 
CP(I) in acetonitrile in 298.15 K.
[cpai)i/rB fi Am (S cm^ mol'^) [cpaD i/rBfi Am (S cm^ mol'^)
0.00 161.26 1.70 160.69
0.11 161.19 1.82 160.71
0.23 161.16 1.93 160.63
0.34 161.08 2.04 160.64
0.45 161.08 2.16 160.60
0.57 161.01 2.27 160.62
0.68 160.96 2.38 160.61
0.79 160.86 2.50 160.59
0.91 160.87 2.61 160.62
1.02 160.78 2.72 160.57
1.13 160.78 2.84 160.56
1.25 160.69 2.95 160.55
1.36 160.69 3.06 160.55
1.47 160.72 3.18 160.54
1.59 160.69 3.29 160.54
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The complexation of F‘ with CP(II) in acetonitrile showed a decrease in the molar 
conductance of the complex due to the conversion of the free anion, F', into CP(II)-F* 
complex, where the size of the latter is larger than the former and therefore the mobility 
decreases. Fig. 3.10 shows that the conductometric curve is a result of combination of 
two linear segments with well-defined change in the curvature at the stoichiometry of the 
reaction (1:1).
The slope of the curvature is changing in the titration of chloride (Fig. 3.11) with CP(II) 
in acetonitrile at 298.15 K which suggests that the complex formed is weaker than that 
formed with the fluoride anion. The extrapolation of the two slopes at low and high 
ligand-anion concentration ratios gives the 1:1 stoichiometry of the complex. The value 
obtained for was within the range reported in the literature^^^ (160.1 S cm^ moT^).
The conductometric curve of bromide with CP(II) (Fig. 3.12) shows a weak change in the 
curvature suggesting that the interaction between the ligand and the anion is weak. A 1:1 
stoichiometry was observed by extrapolating the two linear segments. The value 
reported^^^ for the molar conductance at infinite dilution of tetra-n-butyl ammonium 
bromide was 162.1 S cm^ m ol'\
In accordance with the chemical shift changes observed in the NMR spectra by the 
addition of the halides to CP(II) in CDgCN, conductance measurements indicate that the 
ligand is able to discriminate among the halide anions following the same sequence as 
that observed by NMR measurements.
As far the mercury is concerned. Fig. 3.13 shows the plot of molar conductance against 
the [CP(II)]:[Hg^’*'] molar ratio in acetonitrile at 298.15 K. The study of the plot reveals a 
decrease of the molar conductance upon the addition of the ligand, indicating that an 
interaction is taking place between the ligand and mercury in acetonitrile. No changes in 
the molar conductance are observed after the break at the 1:1 ([CP(II)]:[M^) 
stoichiometry suggesting that one cation is taking up per a CP(II) unit.
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Fig. 3.13 Conductometric titration of CP(II) with the mercury salt (as perchlorate) in 
acetonitrile at 298.15 K.
Table 3.16 Conductometric titration data for mercury (perchlorate as counter ion) with 
CP(I) in acetonitrile in 298.15 K.
rcp m i/fH g ^ l Am (S cm^ mof^) rcp(ii)i/rHg^1 Am (S cm^ mol'^)
0.00 334.68 1.67 311.93
0.11 331.32 1.78 312.61
0.22 330.07 1.90 311.56
0.33 326.93 2.01 311.68
0.45 324.24 2.12 312.61
0.56 321.07 2.23 312.42
0.67 319.06 2.34 312.11
0.78 315.42 2.45 311.74
0.89 313.67 2.56 312.24
1.00 311.68 2.68 312.49
1.11 310.45 2.79 312.61
1.23 310.15 2.90 312.61
1.34 310.88 3.01 313.54
1.45 310.33 3.12 313.42
1.56 312.42 3.23 313.17
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CP(II) showed a similar behaviour in terms of anion selectivity in the conductometric 
titration curves as that of the parent calix[4]pyrrole (1) as reported by Danil de Namor 
and co-workers^^ which showed a highly stable complex with fluoride relative to chloride 
(moderate complexation) and bromide (small slope, weak complex) with 1:1 (ligand : 
anion) stoichiometry . As for ligand 2, the selectivity trend in acetonitrile was similar to 
that of the previous ligand having a moderate complexation with dihydrogen phosphate 
and 1:1 stoichiometry as well (F‘ > Cf ~ H2PO4" > Br’).
As far as mercury is concerned, very small changes in conductance and no slope changes 
were observed for the titration involving Hg(II) and 1 in acetonitrile, which reflects that 
very little or no complexation is taking place between this ligand and Hg(II) in this 
solvent. The presence of the sulfur atoms in the pendant arm of ligand 5 (structure page 
24) increased its interaction with Hg(II) and a complex of 1:2 (ligand : metal cation) 
stoichiometry was found^^®.
Danil de Namor and co-workers^^® previously demonstrated that the functionalized 
calix[4]arene derivative (21) with pendant arms analogous to CP(II) 
forms a 1:1 complex with mercury (II) in acetonitrile.
21
From conductance measurements it can be concluded:
i) CP(I) showed 1:1 complex formation with fluoride in acetonitrile at 298.15 K. Moving 
the investigation to propylene carbonate, the composition of the complex formed between 
the fluoride and this ligand is not altered. As far as mercury is concerned, a 1:1 complex 
stoichiometry and moderate stability was found during complexation 'svith this cation in 
acetonitrile at 298.15 K.
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ii) The interaction of CP(II) with F', CT and Br" in acetonitrile at 298.15 K leads to the 
formation of 1:1 (CP(II):X") complexes.
On the other hand, CP(II) has the ability to form a 1:1 stoichiometry complex with the 
mercury cations in acetonitrile at 298.15 K.
Having established the sites of interaction of the calixpyrrole ligands with different 
anions and cations and the composition of the complex, the next section discusses the 
thermodynamics of complexation.
3.5 Thermodynamics of Complexation
The thermodynamic parameters of complexation between calixpyrrole ligands and the 
guest species were determined using the calorimetric technique (Tronac 450) (direct 
titration) in order to derive the stability and the enthalpy of complex formation of these 
complexes in the solvent medium of interest at 298.15 K. The limitation of this method 
lies in the magnitude of the stability constant (log Ks < 6). For a highly stable complexes 
(logKs > 6), the stability constant can be determined using the competitive calorimetric 
titration method suggested by Izatt et Before proceeding with the calorimetric 
measurements, the Tronac 450 calorimeter was calibrated.
3.5.1 Calibration of the Calorimeter
3.5.1.1 Calibration of the burette delivery rate (BDR)
The BDR is determined with the aim of calculating the volume of the titrant added at 
various time intervals during the titration. The burette delivery rate was calculated from 
eq. 3.8.
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wBDR = —  
p .t
3.8
In eq. 3.8, w is the weight of water in grams, p is de density of water (g cm'^) at the 
temperature of calibration and t is the collection time (s).
A plot of the volume of water against the time is shown in Fig. 3.13.
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Fig. 3.13 Plot of volume (ml) versus time (sec) for the determination of the BDR.
From the slope of the plot given above, the BDR (6.7 x 10'  ^ml s'^) was calculated.
Having established the BDR of the burette to be used in the calorimetric titrations, the 
standard reaction involving tris [hydroxylmethyl] -aminomethane and an aqueous solution 
of hydrochloric acid was carried out and this is now discussed. The aim of this 
experiment was to check the reliability of the equipment used for the determination of the 
thermodynamic parameters of complexation of these ligands with amons and cations in 
the appropriate solvents.
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3.5.1.2 Standard reaction of protonation of THAM with HCl in aqueous medium at
298.15 K
The calibration of the Tronac 450 was performed in order to determine data with the 
highest accuracy and precision. The standard reaction of protonation of THAM with HCl 
in aqueous medium at 298.15 K was carried out^^  ^(eq. 3.9)
THAM(aq) (0.50 mol dm'^) + HCl (&q) (0.1 mol dm'^)------- ^ H^THAM(aq) 3.9
The procedure followed to determine the enthalpy of protonation using the Tronac 450 
calorimeter is described in section 2.14.3.2. Table 3.17 shows the experimental data for 
the standard enthalpy of protonation, ApH, of THAM in aqueous solution of 0.1 M HCl at
298.15 K.
Abbreviations are as follows V is the volume (ml) of THAM per addition into the vessel 
containing the HCl solution; Qr, Qh and Qp denote the heat of the reaction, hydrolysis and 
protonation of THAM respectively, n is the number of moles of THAM added.
Table 3.17 Data for the calculation of ApH of THAM with HCl in water at 298.15 K from 
a titration experiment.
V(ml) Or(J) Oh(J) Oo(J) n (mol) AdH (kJ mof^)
0.0224 -0.5189 -9.57E-04 -0.5180 0.011 -46.31
0.0248 -0.5744 -1.06E-03 -0.5733 0.012 -46.27
0.0214 -0.5341 -9.17E-04 -0.5331 0.011 -49.75
0.0221 -0.5139 -9.46E-04 -0.5130 0.011 -46.42
0.0176 -0.4131 -7.51E-04 -0.4124 0.009 -47.00
0.0242 -0.5895 -1.03E-03 -0.5884 0.012 -48.68
0.0234 -0.5693 -l.OOE-03 -0.5683 0.012 -48.63
0.0233 -0.5492 -9.97E-04 -0.5482 0.012 -47.04
0.0231 -0.5341 -9.89E-04 -0.5331 0.012 -46.14
0.0192 -0.4484 -8.20E-04 -0.4476 0.010 -46.73
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The value calculated as an average of the data given in the above Table was ApH®=- 47±1 
kJ mol"  ^ which is in good agreement with that reported by Wadso^^^, ApH° = - 47.49 kJ 
mol"\
3.5.2 Thermodynamic parameters of complexation of CP(I) with ions in different 
solvents at 298.15 K
Having established the sites of interaction of calix[4]pyrrole derivatives with ionic 
species from NMR studies, the composition of the complexes and the concentration range 
at which the anion^ '^^^  ^and metal cation^ "^^  salts are in their ionic forms in these solvents, 
the next step was the determination of the thermodynamic parameters of complexation of 
calix[4]pyrrole derivatives with anions and cations. These are now discussed.
Titration calorimetry was used to obtain log Ks and AcH values and thus derive the 
thermodynamic parameters for the system involved. Direct titrations were performed for 
the complexation processes.
Stability constants and derived Gibbs energies, enthalpies and entropies of complexation 
of meso-tetramethyl tetrakis-(4-phenyl methyl ester) calix[4]pyrrole (CP(1)) with anions 
(F ) in dimethyl sulfoxide, propylene carbonate, acetonitrile and the mercury cation 
(Hg^^ in acetonitrile at 298.15 K are listed in Table 3.18. These data are referred to the 
processes described by eqs. 3.10-3.11
X " - { s ) + L { s ) ^ ^ L X " - { s )  3.10
M ’'*(s)-k-L{s)—^ M ' ' * L { s )  3.11
In these equations, X"', M”^ , L, LX"', M"*L and s are the notations for the anion, metal 
cation, the ligand, the anion-ligand complex, the cation-ligand complex and the solvent 
respectively. The notation Ks denotes the stability constant of the ion-ligand complex.
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Table 3.18 Stability constants, standard Gibbs energies, enthalpies and entropies of CP(I) 
and the fluoride anion in various solvents and the mercury (II) cation in acetonitrile at 
298.15 K.
Solvents logKs AcG°(kJmol"^) AcH°(kJmoF^) AcS°(Jmol-^K')
F*
MeCN 3.30 ±0.04 -19.2 ±0.2 -81.1 ±0.5 -203
PC 3.3 ±0.1 -19.1 ±0.7 -27.8 ± 0.3 -29
DMSÔ 3.59 ±0.02 -20.5 ± 0.1 -38 ±1 -63
MeCN 5.64 ±0.03 -32.2 ± 0.2 -118.5 ±0.5 -289
Examination of the thermodynamic parameters of complexation of CP(1) with the 
fluoride anion, shows that the stability constants for this system were approximately the 
same in the three solvents and shows a moderate complexation behaviour. On the basis of 
enthalpy and entropy contribution to the Gibbs energy of complexation, the process can 
be either enthalpically (|AcH° |>|TAcS° |) or entropically (|TAcS®| > |AcH®|) controlled^^. 
According to the data given in Table 3.18 in the case of fluoride, it is clear that the 
complexation processes in acetonitrile is enthalpy controlled (negative AcH°). There is a 
loss of entropy (negative AcS°) upon complexation in the three solvents. Given that the 
Gibbs energy values associated to these processes in the various solvents are 
approximately the same, it follows that the enthalpy is fully compensated by the entropy. 
Thus the most favourably enthalpic stability is compensated by the greatest entropy loss 
as shown by the binding process in acetonitrile. On the other hand the lower exothermity 
of the process is accompanied by a lower loss in entropy as reflected in propylene 
carbonate. The enthalpy-entropy compensation effect is shown in Fig. 3.14 where the 
AcH° values are plotted against AcS® values for these systems in acetonitrile at 298.15 K.
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Fig. 3.14 Standard entropy vs. standard enthalpy of complexation of CP(I) and fluoride 
anion in different solvents at 298.15 K.
The linear relationship observed has a slope of 306.7 K close to the experimental
temperature of 298.15 K. The intercept of the fitted line is equal to AcG° = -18.8 kJ mol"\
Grunwald and Steel^^  ^attributed the enthalpy-entropy effect to the solvent reorganization 
that accompanies all chemical reactions and physical processes in liquid solutions. Thus 
the solvent had no effect on the Gibbs energy of the process. It is the enthalpy and 
entropy that contribute to solvent reorganization. On the basis of a few representative 
examples, a linear relationship between AH° and AS° was observed with a slope close to 
the experimental temperature T.
The stability constant (log Ks) derived from the calorimetric titration experiments show 
the specificity of CP(I) for Hg(II) among the cations in acetonitrile. Thermodynamic 
parameters of complexation of CP(I) and Hg(II) in acetonitrile are reported in Table 3.18. 
By examination of the data, it can be seen that the complexation process is enthalpically 
favored; this implies that the main contributor to the stability of the process is the binding 
energy of the ligand with the metal cation in this solvent. Before proceeding with further
1 3 3
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discussion on the thermodynamics of ion complexation involving CP(I), results on the 
interaction of CP(II) with ions are discussed.
3.5.3 Thermodynamic parameters of complexation of CP(II) with ions in acetonitrile 
at 298.15 K
Thermodynamic parameters of complexation of CP(II) and the halides (tetra-n- 
butylammonium as counter ion) in acetonitrile were determined using calorimetry at
298.15 K and are reported in Table 3.19.
Table 3.19 Stability constants, standard Gibbs energies, enthalpies and entropies of 
CP(n) and the halide anions and the mercury (II) cation in acetonitrile at 298.15 K.
Ions logKs AcG°(kJmoT^) AcH°(kJmol"^) AcS°(JmoT^K-^)
F" 5.0 ±0.4 -28.7 ±0.2 -20.2 ±0.5 29
cr 3.3 ±0.7 -18.7 ±0.4 -3.1 ±0.2 52
Br- 2.2 ± 0.0 -12.7 ±0.1 -1.8 ±0.2 36
3.3± 0.3 -18.9 ±0.2 -32.9 ±0.1 -48
By examination of the thermodynamic parameters of the complexation of CP(II) and the 
anions of interest in acetonitrile, it can be seen that this ligand is able to recognize 
selectively these anions in the following sequence:
F‘> C r> B r‘
This is in accord with the chemical shifts changes observed in the NMR spectra for 
the pyrrolic proton. This statement is corroborated by the linear relationship (r  ^= 0.96) 
found between the stability constants of CP(II) and halide anions in acetonitrile at 298.15 
K and the chemical shift changes for the pyrrolic proton as shown in Fig. 3.15.
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Fig. 3.15 Linear relationship between log Ks and Aô values for the pyrrolic proton at 298 
K.
The linear relationship established between the stability constant of CP(II)-halide anions 
complexes and the size of the anions previously found^^ are successfully applied for 
CP(II) complexes (Fig. 3.16). This Fig. shows that as the ionic radius of the anion 
decreases, the stability of complex formation increases.
6
5
4
o
♦Br'2
1
0
0.850.750.55 <\if 0.650.450.35
Fig. 3.16 Relationship between log Ks values of CP(II) in acetonitrile and the reciprocal 
of the anion radius.
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The stability constants follow the pattern observed for the transfer Gibbs energies, AtG®, 
of these anions from a dipolar aprotic solvent (acetonitrile) to a protic (taking the ligand 
as a representative of a protic medium) in that the strength of hydrogen bond formation 
increases as the charge density of the anion increases. This is the case for this ligand and 
these anions in these solvents given that in the complexation process the anion is 
transferred from a dipolar aprotic solvent to a receiving medium (the ligand) with the 
capability of entering hydrogen bond formation. This is in accord with the trend 
previously observed for calix[4]pyrrole and these anions in acetonitrile^^.
A plot of AcG® values for CP(II) and anions (F‘, CT and Br") in acetonitrile against the 
AtG® of these anions from water to acetonitrile is shown in Fig. 3.17.
-5-
- 10 -
-25-
-30-
-35-J
Fig. 3.17 Gibbs Energy of complexation of CP(II) and anions in acetonitrile against the 
Transfer Gibbs Energy of ions from water to acetonitrile.
As for the fluoride complexation process, the thermodynamic data show that the enthalpy 
and entropy contribute favourably to the complex stability but it is enthalpically 
controlled. However for chloride and bromide the complexation processes are enthalpy 
and entropy favoured but entropically controlled.
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For the mercury-CP(II) complexation process in acetonitrile at 298.15 K, the stability 
constant (expressed as log Kg), standard Gibbs energy, AcG®, enthalpy, AcH°, and 
entropy, AcS®, values as determined by titration calorimetry are listed in Table 3.19. By 
examining the thermodynamic parameters, it can be seen that the complexation process is 
enthalpically controlled; this implies that the main contributor to the stability of the 
process is the binding energy of the ligand with the metal cation in this solvent. It can be 
concluded that the conformation of the arm group in an alternative position in this ligand 
tuned the ability of this derivative to interact with Hg(II) while discriminating other metal 
cations.
The ability of CP(II) to discriminate between anions can be assessed by calculating the 
selectivity factor, which is defined as the ratio between the thermodynamic stability 
constant of fluoride relative to chloride and bromide in acetonitrile shown in eq. 3.12.
S ^ - = £ Æ 1  3.12
K ( X - )
The selectivity factors for CP(II) and anions in acetonitrile are shown in Table 3.20 using 
the fluoride anion as reference.
Table 3.20 Selectivity factor of CP(II) for the fluoride anion relative to other anions (X‘= 
CT, Br") in acetonitrile.
Anion
F" 1
Cl" 50
Br" 630
From this Table it can be concluded that CP(II) is more selective for fluoride relative to 
chloride and bromide in acetonitrile by factors of 50 and 630 respectively.
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Table 3.21 Stability constants, standard Gibbs energies, enthalpies and entropies of 
complexation of CP(I) and CP(II) with fluoride anion and the mercury (II) cation in 
acetonitrile at 298.15 K.
log Ks AcG®(kJmoT^) AcH°(kJmoTh AcSVlmoT^K'^)
F"
CP(I) 3.30 ± 0.04 -19.2 ±0.2 -81.1 ±0.5 -203
GPfm 5.0 ±0.4 -28.7 ± 0.2 -20.2 ± 0.5 29
CP(I) 5.64 ± 0.03 -32.2 ± 0.2 -118.5 ±0.5 -289
CP(II) 3.3± 0.3 -18.9 ±0.2 -32.9 ±0.1 -48
As far as CP(I) and CP(II) are concerned, the complexation process with fluoride and 
mercury are enthalpically controlled. However the lower enthalpy in CP(II) than in CP(I), 
which is accompanied by a gain in entropy of the former relative to the latter, is an 
indication of a high desolvation of CP(II) upon complexation relative to CP(I). This is 
may be attributed to the higher energy required to overcome the strong binding energy 
associated with the complexation process taking place with CP(II) in this medium. 
Calix[4]pyrrole derivatives studied previously^ '^^ '^^  ^ were able to differentiate between 
the fluoride and other anions in different solvents.
The stability constant of the complexation of ligand 2 with anions in acetonitrile showed 
the following selectivity sequence (Table 1.9):
F > H 2P0 4 '>Cr>BT
The thermodynamic data of ligand 2 and the anions in solution were lower than that for 1 
with the same anions in the same solvent. This decrease can be related to the introduction 
of the phenol group between the pyrrole rings. Two main factors can affect the 
complexation; the first one is the steric effect where the phenol groups form rigid walls 
restricting easy access of the anions to the pyrrole protons. The second factor could be 
attributed to the electrostatic effect, since the aromatic phenol rings form an induced
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magnetic field which might act as a repulsive force for anionic species.
Danil de Namor and co-workers^^° have previously reported that substituted lower rim 
tetramethyl ketone /?-tert-butyl calix[4]arene (structure page 127) having the same 
pendant arm as CP(II) interacts with Mg^ "^ , Ca^ "^ , Sr^ "^ , Ba^^, Pb^ "^ , Cd^ "^  and Hg(II) in 
acetonitrile. The high stability calix[4]arene ligand (21) for the mercury cation relative to 
calix[4]pyrrole ligand CP(II) reflect the relative rigidity of the former ligand whose 
cavity is able to recognize more selectively the mercury cation than calix[4]pyrroles/^^. 
The calix[4]arene derivative showed the following selectivity sequence:
2+Ca^ +> Pb^+> Sr^ + > Cd^ '" > Hg^ "" > Ba
To assess quantitatively the solvent effect on the complexation process, detailed 
investigations on the anion-ligand system in different solvents were carried out and 
discussed using thermodynamic parameters of complexation and the solution 
thermodynamic parameters involving reactants and the product. These are now discussed.
3.6 The medium effect
3.6.1 Enthalpies of solution
The standard enthalpy of solution of a certain salt LX, AgH®, is made by the contribution 
of the standard enthalpy of solvation, AgoivH® (negative), and the standard crystal lattice 
enthalpy, AqH® (positive) as shown in Fig. 3.18. Having the standard lattice enthalpy 
(AciH®) constant for the same species in the solid state, the difference in the solvation of a 
given species in one solvent relative to another can be assessed from the standard 
enthalpy of transfer (AtH°) data.
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LX (g)
A c iH y ^  X A soivH"
/  AsH"
LX (sol.) -----------------►L*(s) + X '(s)
Fig. 3.18 Thermochemical cycle showing the process of solution.
The standard enthalpy of solution, AgH®, of CP(I) in acetonitrile, dimethylsulfoxide and 
propylene carbonate at 298.15 K are discussed in the following section. Also reported are 
the AgH® values for the tetrabutylammonium fluoride [Bu4N'^F'] salt in these solvents.
These data were obtained from calorimetric measurements carried out at different 
concentrations (c) of the compound in the relevant solvent. The standard values are 
obtained from the intercept at c=0 of a plot of solution enthalpies (AgH) as a function of
3.6.1.1 Enthalpies of solution of CP(I) in acetonitrile, dimethyl sulfoxide and 
propylene carbonate at 298.15 K
The enthalpies of solution, AgH, of CP(I) in acetonitrile, dimethyl sulfoxide and 
propylene carbonate at 298.15 K have been determined and the data are listed in Table 
3.22.
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Table 3.22 Enthalpies of solution of CP(I) in acetonitrile, dimethyl sulfoxide and 
propylene carbonate at 298.15 K.
MeCN PC
(mol dm'^) AgH(kJmol'i) c ^ (mol dm"^) AgH(kJmoFb
3.00x10"^ -49.26 1.13x10'^ 16.62
4.47x10’^ -21.97 1.26x10'^ 17.03
6.27x10'^ -12.63 1.62x10"^ 23.13
8.74x10'^ -0.50 1.76x10'^ 26.77
1.07x10"^ 19.97 1.92x10'^ 26.93
1.32x10*^ 32.16 2.00x10'^ 29.6
2.24x10'^ 33.08
AgH® = -114.4±0.5 kJ mol'^ AgH° = -1.4±0.1 kJ moF^
DMSO
(mol dm'^) AgH(kJmol-i)
5.33x10'^ 40.50
5.41x10-3 37.93
7.50x10-3 26.17
7.58x10-3 26.04
1.00x10-2 15.53
1.13x10-2 9.32
1.26x10-2 2.13
1.31x10-2 3.92
AgH® = 63±1 kJ moF^
Examination of the data show that the heats of solution of CP(I) in acetonitrile, dimethyl 
sulfoxide and propylene carbonate were dependent on the concentration of the ligand. In 
these cases, AgH values were plotted against the square root of the concentration (c^ ^^ ) and 
a straight line was obtained (Figs. 3.19-3.21). The intercept of these lines are used as the 
standard enthalpies of solution of CP(I) in the corresponding solvent. The positive value 
for the standard enthalpy of solution of CP(I) in dimethyl sulfoxide may be attributed to 
the predominant contribution of the crystal lattice energy (endothermie process) over the
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solvation energy (exothermic process). While in acetonitrile, it is the solvation energy 
that dominates. In propylene carbonate, the enthalpy is almost compensated by the crystal 
lattice enthalpy. As a result, the AgH® value is slightly negative.
%
45 -1
y  = -4745.7X +63.434 0 -
35 -
3 0 -
' l  2 5 - 
2  20 -
15-
1 0 -
O.OEKX) 2.5E-03 5.0E-03 7.5E-03 1.3E-02
,1/2
Fig 3.19 Plot of AgH vs cl4 for CP(I) in dimethyl sulfoxide at 298.15 K.
Having stated it a careful analysis of the plot shown in Fig. 3.19 leads to conclude that as 
the concentration of CP(I) increases the enthalpy of solution of CP(I) in DMSO becomes 
less endothermie.
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Fig 3.20 Plot of AgH vs c Vz for CP(I) in propylene carbonate at 298.15 K.
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Fig 3.22 Plot of AgH vs c Vz for CP(I) in acetonitrile at 298.15 K.
An increase in the slope was observed by increasing the concentration of the ligand in 
propylene carbonate and acetonitrile^^\ In fact the exothermic character of the reaction 
decreases as the concentration of the ligand increases. It means that at high concentration 
the crystal lattice enthalpy predominates over the solvation enthalpy and at low 
concentrations of the ligand in DMSO the opposite is true.
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3.6.1.2 Thermodynamic parameters of transfer of CP(I) from acetonitrile to various 
solvents at 298.15 K
Since the enthalpy of solution results from the corresponding parameters of solvation and 
the crystal lattice, the latter is removed by the calculation of the transfer enthalpies AtH°. 
For this purpose, acetonitrile is taken as the reference solvent.
Table 3.23 lists the thermodynamics of transfer (AtH°, AtG° and AtS°) of CP(I) from 
acetonitrile to PC and DMSO. Transfer Gibbs energies, AtG° are those from Table 3.5 
and transfer enthalpies, AtH° were calculated from the enthalpies of solution of the ligand 
in these solvents. Transfer entropies are calculated by the combination of AtH  ^and AtG® 
using eq. 2.33 (section 2.11.5.1, page 83).
Table 3.23 Thermodynamic parameters of transfer of CP(I) from acetonitrile to various 
solvents at 298.15 K.
AtG^fldmor') A,H“(kJm or') A,S"(kJmor’)
MeCN->PC -7.65 + 0.05 113.0 ±0.3 406
MeCN-»DMSO -8.64 + 0.16 177.8 ±0.7 624
Examination of the data shows again an enthalpy-entropy compensation effect since no 
significant changes are observed in the AtG° value for this ligand. As reported before by 
Danil de Namor^^^ the enthalpy-entropy effect observed in the complexation process 
appears to be a reflection of an effect in either the host or guest molecules. Thus the 
enthalpy-entropy effect observed in the complexation process involving the macrocycle 
ligand (CP(I)) and the guest (fluoride anion) (section 3.6.2, page 132-133) is a reflection 
of an effect relevant to the host molecule (CP(I)). The transfer of CP(I) from MeCN to 
DMSO and PC is accompanied by a gain in entropy while these processes are 
destabilized in terms of enthalpy. The data indicate that the medium effect on the transfer 
processes is better reflected in terms of enthalpy and entropy than Gibbs energy for these 
processes.
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3.6.2 The medium effect on the complexation process
The medium effect on the complexation process is controlled by the differences in the 
solvation of the reactants and the product^ ®"^  participating in the process in the two 
solvents as shown in eq. 3.13
AcH® (si)- AcH® (si) = AtH (CP)(si-^S2) + AtH (X’)(si-^S2) - AtH (CPX ) 3.13
These differences are reflected in the thermodynamic parameters of transfer of the ligand, 
the free anion and the complex from a reference solvent (si) to another (sb).
A general example of the thermodynamic cycle is represented in eq. 3.14.
C P(si)+  X '(si)  ^ CPX-(si)
AtH' AtH'
AnH'
AtH' 3.14
CP(S2)+ X-(S2) CPX- (S2)
In eqs. 3.14 and 3.15 CP, X ", CPX" are the notations used to indicate the ligand, the 
anion and the ligand-anion complex respectively.
The upper part and lower of eq. 3.14 represents the complexation processes between the 
ligand and the anion in two different solvents (si and S2). AcH° denotes the standard 
enthalpy of complexation. The vertical arrows that link the two processes represent the 
enthalpy of transfer, AtH°, for each of the reactants and the product from one solvent (si) 
to another
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3.6.2.1 The medium effect on the complexation of CP(I) with fluoride using 
acetonitrile as the reference solvent at 298.15 K
Due to solvate formation of the fluoride salt in MeCN and the unavailability of data for 
the transfer Gibbs energy of the free and complex amon, the medium effect on the 
complexation of the fluoride anion and CP(I) in terms of Gibbs energy could not be 
assessed. Thus the medium effect is analyzed in terms of enthalpy.
The enthalpy of complexation, AcH ,^ values in MeCN, DMSO and PC are from Table
3.18, while the AtH'^  CP(I) was calculated from the enthalpies of solution of this ligand in 
these solvents (Tables 3.18, 3.22). As far as the single ion Atrf values for the free 
fluoride anion are concerned, this was reported in the literature and it is based on the 
Pli4AsPh4B convention^^^.
Tahle 3.23 Enthalpies of solution of CP(I) and tetra-n-butylammonium fluoride in 
acetonitrile, dimethyl sulfoxide and propylene carbonate.
AsH°
MeCN DMSO PC
CP(I) -114.4 ±0.5 63 ±1 -1.4 ±0.9
Bu4NF^^^ 39.0 ±0.5 -11.7 ±0.2 17±1
For eq. 3.15 (shown below), the enthalpy values for the process are as follows, the AcH 
of fluoride anion and CP(I) in acetonitrile and dimethylsulfoxide are those from Table
3.18, the enthalpy of transfer data for CP(I), AtH'  ^ MeCN—>-DMSO = 177.8 kJ mol 
(Table 3.22) and also the transfer data for the fluoride anion, AtH° MeCN->DMSO = - 
50.7 kJ moF^ these values are inserted in eq. 3.10 to calculate the AtH° for the CP(I)- 
F‘ complex from MeCN to DMSO and this is represented in the following 
thermodynamic cycles (eq. 3.15).
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AcH'
CP(I) (MeCN) + F' (MeCN)
AtH''
177.8 kJmoF
-81.1 kJ mol-1
AtH"
-50.7 kJ mol"'
CP(I)(DMSO)+ F" (DMSO)
AcH'
CP(I)F" (MeCN)
AtH"
170.2 kJ mol"'
^  CP(I)F" (DMSO)
3.15
-38.0 kJ mol-1
The higher enthalpic stability of complex formation in MeCN is attributed to the 
favorable contribution of the free anion and the ligand-anion complex in acetonitrile 
overcoming that for the ligand (unfavorable for complexation in MeCN). The data show 
that the free anion is more solvated in DMSO than in MeCN while the complex is less 
solvated in DMSO than in MeCN, which results in the higher favorable enthalpy of 
complexation in MeCN relative to DMSO.
AcH'
CP(I) (MeCN) + F" (MeCN)
AtH"
113.0 kJ mol"
-81.1 kJ m ol'
A,H"
-22.0 kJ mol
CP(I) (PC) + F" (PC) AcH"
-27.8 kJ mol"'
CP(I)F" (MeCN)
AtH"
144.3 kJ mol"'
CP(I)F" (PC)
3.16
As far as the MeCN-PC solvent system is concerned, the favorable contribution of the 
free anion and the ligand-anion complex in acetonitrile led to a higher enthalpy of 
complexation in this solvent. Due to the negative value of AtH" for the free anion and the 
positive values for the complex, the enthalpy of complexation in MeCN is more 
favorable.
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Conclusions:
From the above discussion on calix[4]pyrrole derivatives, the following conclusions are 
given:
a) The synthesis of the calix[4]pyrrole derivatives CP(I) and CP(II) was achieved. The 
characterization of these derivatives by 'H NMR and microanalysis was performed at 298 
K. Solubility data for calix[4]pyrrole derivatives were reported. These data showed that 
CP(n) is more solvated than CP(I) which might be attributed to the polarity nature of the 
ester functionality. This charge separation would also contribute to crystal lattice stability 
relative to the more flexible and unconjugated ketone in CP(II) which lacks charge 
separation.
b) The complexation process involving calix[4]pyrrole derivatives towards anions and 
cations in acetonitrile and dimethyl sulfoxide were investigated. 'H NMR was used to 
gain information about the sites of interaction of the ligand with ions in dimethyl 
sulfoxide and acetonitrile. As far as CP(I) is concerned, the data show that CP(I) interacts 
selectively with F' in de-DMSO through hydrogen bond formation with the pyrrolic 
proton. In CD3CN, significant chemical shift changes were observed with F' and Hg^ ,^ 
where the oxygen donor atoms of the pendant arm seem to be the sites of interaction of 
CP(I) with mercury. The structural modifications of the calix[4]pyrrole derivative by 
adding a methylene group between the two oxygen atoms decrease the selective 
interaction of CP(II) with fluoride as indicated by 'H NMR. The data show that this 
ligand interact with F , C l, Br and Hg^^ in CD3CN while the addition of other salts did 
not lead to any changes in the spectrum relative to that of the free ligand.
c) Conductometric titrations show that CP(I) forms a 1:1 (ligand:anion) complex with the 
fluoride anion in acetonitrile and propylene carbonate at 298.15 K while CP(II) forms 1:1 
complexes with F", C f and Br" in acetonitrile. As far as mercury is concerned, 
conductance data showed that 1:1 complexes (ligand: cation) are formed with CP(I) and 
CP(II) in acetonitrile.
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d) The complexation process of CP(I) with F‘ in DMSO, MeCN and PC is enthalpically 
controlled and also the enthalpy data are fully compensated by the entropy values.
As far as CP(II) is concerned, this ligand shows selectivity for fluoride relative to 
chloride and bromide in acetonitrile by factors of 50 and 630 respectively.
The thermodynamics of CP(II) with the fluoride anion in MeCN revealed that the 
enthalpy and entropy contribute favorably to the complex stability but the complexation 
process is enthalpically controlled. However for chloride and bromide the complexation 
processes are enthalpy and entropy favoured but entropically controlled.
On the other hand, the complexation process of CP(II) with mercury in acetonitrile was 
enthalpically controlled and the main contributor to the stability of the process is the 
binding energy of the ligand with the metal cation in this solvent.
e) Solution thermodynamics of the calix[4]pyrrole derivative CP(I) in non aqueous 
solvents were determined at 298.15 K. Enthalpies of transfer of the reactants (CP(I), 
fluoride) and the product from acetonitrile (as a reference) to dimethyl sulfoxide and 
propylene carbonate were evaluated from standard enthalpies of solution of this ligand in 
various solvents. The medium effect on the complexation of CP(I) and fluoride has been 
investigated in various solvents. An enthalpy-entropy compensation effect was observed 
since no significant changes are observed in the AtO" value for this ligand. This was 
attributed to an effect which is already found in the host molecule (CP(I)). Thus the 
enthalpy-entropy effect observed in binding reactions involving the macrocycle ligand 
(CP(I)) and the guest (fluoride anion) could be a reflection of an effect relevant to either 
the host or the guest species as stated by Danil de Namor'"^.
Following the synthesis and thermodynamic characterization of the calix[4]pyrrole 
ligands with ionic species, the next step is to make use of the selectivity of these ligands 
for the purposes of removal of the toxic ions from water. These are to be discussed in the 
next section.
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IV. Extraction of polluting ions from aqueous medium
Following the synthesis, structural and thermodynamic characterization of calix[4]pyrrole 
derivatives with anions and cations, the next step is to make use of the selectivity features 
of these receptors for the purposes of efficient removal of toxic ions from water, thus the 
calix[4]pyrrole derivatives were chosen to be polymerized due to the following facts:
a) Complexation studies showed that CP(I) interacts with the fluoride and the mercury 
ions.
b) Investigations carried out by Dr Shehab indicated that meso-tetramethyl tetrakis-(4- 
hydroxyphenyl) calix[4]pyrrole (2) interacts with dihydrogen phosphate.
Due to the ability of NH proton of the pyrrolic ring of the calix[4]pyrrole derivative to 
interact with anions, diethyl phenoxy ethyl amine (L2) was grafted onto a silica matrix to 
assess its effect for the extraction of anions from aqueous medium.
Different factors are considered in the extraction processes of toxic ions from aqueous 
solutions using oligomeric and silica based materials, such as a) the kinetics of the 
process, b) the optimum mass for the extraction, c) the capacity of the material (amount 
of ion extracted per unit of material), d) the pH of the solution. These are discussed 
below.
4.1 Extraction of fluoride from aqueous solution by PI
Before proceeding with the extraction of fluorides, experimental work was carried out to 
fin d a suitable analytical technique for monitoring the fluoride anion in solution and this 
is discussed below.
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4.1.1 Calibration Curves for the determination of fluoride in aqueous solution
Given that the material (PI) takes up anion and cation simultaneously, the amount of 
fluoride taken up by PI was assessed by analyzing the concentration of the counter ion, in 
this case the sodium cation. Thus a sodium selective electrode was used to measure the 
uptake of sodium fluoride from aqueous solution.
An ion-selective electrode measures the activity of ions in solution. This is defined as the 
product of concentration (c) (mol dm'^) and activity coefficient (y).
The activity coefficient (y)'"" depends on the ionic strength (I) of the solution as shown in 
eq. 4.1 (extended Debye-Hückel equation). The ionic strength and the concentration are 
related in eq. 4.2
In this eq. A and B are the Debye-Hückel constants that depend on the properties of the 
solvent, Z+ and Z. are the ionic charges of the species, I is the ionic strength of the 
solution, and a" is the ion size parameter.
4.2
In eq. 4.2, I is the ionic strength, Ci is a molar concentration of i"’ ion present in the 
solution and z, is its charge.
The activity of the ionic species and hence the concentration, is calculated from the 
Nemst equation,
RTE=const.'\- loga + 4.3
n F ^
In this equation, R, T, F, n and a denote the gas constant (8.314 J K"' mol''), the absolute
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temperature (K), the Faraday constant (96 487 C mol )^, the number of electrons involved 
in the reaction and the activity of the sodium cation respectively.
At constant ionic strength, the activity coefficient is considered to be constant thus a
N a*
[Na^. Therefore eq. 4.3 can be expressed as
59 15E = const.+— :— log[#a^] 
n 4.4
The calibration curve for the determination of sodium fluoride in water is shown in Fig. 
4.1. The results shown in this Fig. indicate that a linear relationship is obtained of slope 
close to 59.15 mV.
-log [Na]
2.7 2 .9 3.1 3.3 3.5 3.7 3.9 4.1- 2 0 -
-40 -
-60 - y  =  - 5 9 .4 x + 6 7 .4  
R^ =  0 .9 9-80 - 
^  -100 - 
-120 -
-140 -
-160 -
-180 -
-200 J
Fig. 4.1 Calibration curve for the determination of sodium fluoride in water at 298 K 
using sodium selective electrode.
Therefore this is the method used for the analytical determination of the initial and 
equilibrium concentrations of fluoride ion the aqueous solutions. Different factors to find 
the optimum conditions for the extraction of fluorides from water are now considered.
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4.1.2 Effect of the equilibration time on the removal of fluoride ions from 
aqueous solution at 298.15 K using PI
Batch equilibrium experiments were performed at 298.15 K to evaluate the time required 
to attain equilibrium. Times between 5 and 1440 minutes were investigated with the 
fluoride salt in the aqueous solution. The results shown in Table 4.1 indicate that the 
maximum percentage of fluoride removed occurred within 240 minutes for a mass of 
0.03 g of the oligomeric material (Table 4.1). A plot of the percentage of fluoride 
removed versus the equilibration time at 298.15 K is shown in Fig. 4.2.
Table 4.1 Kinetics of extraction of fluoride from aqueous solution bv P I at 298.15 K.
30 5.43x10^ 4.55x10-2 0.88x10-2 16.20
60 5.43x10^ 4.01x10-2 1.42x10-2 26.13
120 5.43x10'^ 3.29x10-2 2.14x10-2 39.40
240 5.43x10'^ 2.68x10-2 2.75x10-2 50.63
360 5.43x10'^ 2.51x10-2 2.92x10-2 53.77
540 5.43x10-2 2.50x10-2 2.93x10-2 53.95
1440 5.43x10-2 2.54x10-2 2.89x10-2 53.21
6 0
5 0  -
4 0  -
;
20 -
10 -
O  1 2 0  2 4 0  3 6 0  4 8 0  6 0 0  7 2 0  8 4 0  9 6 0  1 0 8 0  1 2 0 0  1 3 2 0  1 4 4 0
Tim e (m inu tes)
Fig. 4.2 Kinetics of fluoride extraction from aqueous solution by PI at 298 K, Cj = 5 x 10'
mol dm"\ m= 0.03 g, V= 10 ml, pH~9.
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It is shown that the kinetics of the process is relatively slow, where 30 % of initial 
concentration was removed from the solution within the first 60 minutes and the 
maximum removal of 55 % was achieved in 360 minutes. After this period, the 
percentage of removal becomes almost constant.
4.1.3 Determination o f the optimum amount o f P I  for the uptake o f fluoride 
ions from aqueous solution at 298.15 K
In order to determine the optimum mass of the oligomeric material for the removal of 
fluoride from aqueous solution, batch experiments were carried out. Thus the weight of 
the material was varied while the ion salt concentration in solution was kept constant 
(5.00x10'^ mol dm‘^ ) as well as the pH of the solution (~ 9) (Table 4.2). The percentage 
of fluoride removed from aqueous solutions by PI increases with increasing the mass of 
the material as expected, and then the material reaches the equilibrium as shown in Fig.
4.3 which is a plot of % E against the mass of material (g).
Table 4.2 Effect of the amount of PI on the extraction of fluoride ions from aqueous 
solutions at 298 K.
(Pli [F Jremoved mass of material % E
6.67x10-2 6.20x10-2 0.47x10-2 0.0039 7.05
6.67x10-2 5.22x10-2 1.45x10-2 0.0070 21.78
6.67x10-2 4.25x10-2 2.42x10-2 0.0103 36.29
6.67x10-2 3.07x10-2 3.06x10-2 0.0328 53.98
6.67x10-2 3.06x10-2 3.61x10-2 0.0525 54.18
6.67x10-2 3.00x10-2 3.67x10-2 0.0705 55.03
6.67x10-2 2.93x10-2 3.74x10-2 0.0913 56.10
6.67x10-2 2.99x10-2 3.68x10-2 0.1163 55.20
6.67x10-2 2.91x10-2 3.76x10-2 0.1481 56.37
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Fig. 4.3 The effect of mass on the uptake of F' from aqueous solution by PI at 298.15 K, 
Ci = 5 X1 mol dm"\ V= 10 ml, pH~9.
The results show that the optimum mass of the material to remove fluoride from aqueous 
solution was found to be 0.03 g for a volume of aqueous solution of 10 ml.
4.1.4 Determination of the capacity of PI to uptake fluoride ions from 
aqueous solution at 298.15 K
The capacity (quantity of salt extracted from the solution per unit quantity of material) 
was determined by equilibrating a fixed mass of PI (0.03 g) with a volume of 10 ml of 
the aqueous solutions (10 ml) containing different concentrations of sodium fluoride 
(Table 4.3). Thus Fig. 4.4 shows the amount of NaF (mmoles) extracted per gram of dry 
resin. It is observed that the degree of extraction of the material is dependent on the 
concentration of the salt present and on the pH of the solution and it is the latter 
parameter which determines the sigmoidal shape observed in Fig. 4.4 given in eq. 4.5. 
The capacity of the material was found to be approximately 5.66 mmol g'  ^ of material.
p H  = - p K ^  + ^ logC  = l ( 1 4 ) + i( 3 .2 ) + - ( - l )  = 8.1 4.5
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Table 4.3 Experimental data for the removal of fluoride from aqueous solutions by PI at 
298.15 K.
ITIi FFlea [F ] removed mmol g '
4.44x10" 4.31x10'" 0.13x10" 0.04
8.48x10-" 8.10x10'" 0.38x10'" 0.13
1.27x10'" 1.20x10'" 0.07x10'" 0.23
2.00x10'" 1.87x10'" 0.13x10'" 0.43
2.54x10'" 2.18x10'" 0.36x10'" 1.20
3.43x10'" 2.66x10'" 0.77x10'" 2.57
4.50x10'" 2.98x10'" 1.52x10'" 5.07
5.18x10'" 3.45x10'" 1.73x10'" 5.77
6.64x10'" 4.94x10'" 1.70x10'" 5.66
1.06x10'' 0.89x10'' 0.17x10'' 5.66
g
I
0 . B 0 0 Z&02 4.&Q2 6.&02 8.502 1.501
Pie
Fig. 4.4 Uptake isotherm for the F' anion from aqueous solution by PI at 298.15 K by 
altering the salt concentration, m= 0.03 g, V= 10 ml, pH~9.
The extraction of fluoride by the polymeric material showed a stoichiometry of 1: 6 this 
does not follow the same stoichiometry obtained with the non-polymeric material (1:1 
stoichiometry); this might be attributed to the formation of aggregation.
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4.1,5 The pH effect on the uptake of fluoride from aqueous solution by PI at
298.15 K
Sodium fluoride is a salt formed fi*om a weak acid (HF, pKa= 3.19 at 298 and a 
strong base (NaOH) and therefore the pH of the solution is in the alkaline range and will 
change with changes in salt concentration. Thus an increase in the salt concentration 
results in a pH increase (Table 4.4). This is corroborated by the results shown in Fig. 4.5, 
where percentages of extraction are plotted against the initial pH of the aqueous solution. 
Considering the following equilibrium equation (4.6)
NaF + H2O —> NaOH + HF 4.6
At low pH, adding HCl will increase the concentration of HF which is a relatively weak 
acid (ion pair formation). Therefore the concentration of fluoride ions decreases then the 
extraction decreases. As the pH increases, the amount of NaF (dissociated) increases and 
a higher concentration of fluoride ions are available for extraction. At high pH, high 
concentration of OH" ions in solution exists; there will he a competition between the OH" 
and F", therefore the extraction decreases. The results show that the maximum extraction 
is observed at pH 8.5 - 9.5 when the salt concentration is about 0.05 mol dm"^
Table 4.4 Fluoride uptake by PI from aqueous solutions at different pHs at 298.15 K.
pH [Fli FFlea [F Jremoved % E
5.14 3.84x10" 3.76x10'" 0.08x10" 2.08
6.10 3.90x10'" 3.72x10'" 0.18x10'" 4.62
7.66 3.98x10'" 3.55x10'" 0.43x10'" 10.80
8.12 4.01x10'" 3.36x10'" 0.65x10'" 16.21
8.55 4.20x10'" 3.21x10'" 0.99x10'" 23.57
8.91 4.34x10'" 3.22x10'" 1.12x10'" 25.81
9.17 4.16x10'" 3.05x10'" 1.11x10'" 26.68
9.63 4.81x10'" 3.59x10'" 1.22x10'" 25.36
9.84 3.21x10'" 2.45x10'" 0.76x10'" 23.68
10.01 2.84x10'" 2.32x10'" 0.53x10'" 18.66
10.50 1.54x10'" 1.38x10'" 0.16x10'" 10.39
11.24 3.30x10'" 3.10x10'" 0.20x10'" 6.06
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Fig. 4.5 The effect of pH on the uptake of the F* anion from aqueous solution by PI (0.03 
g) a t298.15 K, C i  = 5 xlO'^mol V= 10 ml, m= 0.03 g.
Recycling of the material was carried out by washing it four times with citric acid (0.1 
mol dm'^). After recycling, the capacity of the material to remove fluoride ions was not 
altered significantly. The results are shown in Table 4.5 and Fig. 4.6.
Table 4.5 Microanalysis for CP(I) oligomeric material before and after recycling using 
citric acid.
% C H N
Before recycling 71.51 7.56 5.60
After recycling 72.27 6.99 5.35
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Fig. 4.6 Capacity of calix[4]pyrrole oligomer (PI) to remove fluoride ion from aqueous 
solution after the regeneration process at 298.15 K.
Taking into account the results previously discussed on the ability of this calix[4]pyrrole 
derivative CP(I) to interact with the mercury(II) cation, the ability of PI for the removal 
of mercury(II) from aqueous solution was investigated and this is now discussed.
4.2 Extraction of mercury from aqueous solution using PI oligomeric 
material
4.2.1 Kinetics o f mercury(II) removal from aqueous solution by PI at 298.15 
K
In order to establish the kinetics of the extraction, the concentration of mercury in the 
aqueous solution (5 x 10’^  mol dm" )^ and the amount of the material (0.05 g) were kept 
constant (Table 4.6). The kinetics of the process was measured by following the removal 
of Hg(II) from aqueous solution at different time intervals over a period of 24 hours at
1 5 9
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298.15 K. The results are shown in Fig. 4.7 where the percentage of extracted Hg(II) 
against the extraction time are plotted.
Table 4.6 Kinetics of extraction process of mercury from aqueous solution by PI at 
different time of extraction at 298.15 K.
Time (hours) IHg'lea [Hê Jremoved % E
30 4.18x10'^ 2.61x10'' 1.57x10-3 37.49
60 4.18x10'^ 2.34x10-3 1.84x10-3 44.11
120 4.18x10'^ 2.09x10'^ 2.09x10-3 50.10
240 4.18x10'^ 2.00x10-3 2.18x10-3 52.10
360 4.18x10'^ 2.00x10-3 2.18x10-3 52.10
600 4.18x10'^ 2.00x10-3 2.18x10-3 52.10
1440 4.18x10'^ 2.00x10-^ 2.18x10-3 52.10
60-,
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Fig. 4.7 Determination of the kinetics of extraction of Hg(II) from aqueous solution by PI 
at 298.15 K, Ci = 5 xlO'^moI dm \m =  0.05 g, V= 10 ml, pH~4.5.
The results show that the percentage of extraction increases with an increase in the 
contact time before equilibrium is reached. It can be seen that the uptake of Hg(II) 
increases from 30% to 50% when the contact time was increased from 30 min to 2 hours. 
The optimum time was found to be between 2-4 hours. Then the material reaches 
saturation after 2 hours.
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4.2.2 Determination of the optimum amount of PI for the removal of Hg 
from aqueous solution at 298 K
.2+
In order to determine the optimum mass of PI for the removal of mercury from aqueous 
solution, the weight of the material was varied while the initial concentration of Hg(II) 
(5x10'^ mol dm'^) was kept constant (Table 4.7). A plot of the percentage of Hg(II) 
nitrate from aqueous solutions retained by PI versus the mass of the material is shown in 
Fig. 4.8.
Table 4.7 Effect of the mass of PI on the extraction of mercury from aqueous solution at 
298 K.
[Hg"+].q [H§ Jremoved g of material % E
6.34x10-3 5.34x10-3 1.00x10-3 0.0016 15.77
6.34x10-3 5.01x10-3 1.33x10-3 0.0034 20.97
6.34x10-3 4.84x10-3 1.50x10-3 0.0070 23.66
6.34x10-3 4.68x10-3 1.66x10-3 0.0106 26.18
6.34x10-3 4.34x10-3 2.00x10-3 0.0306 31.55
6.34x10-3 3.92x10-3 2.42x10-3 0.0533 38.17
6.34x10-3 3.84x10-3 2.50x10-3 0.0708 39.43
6.34x10-3 3.76x10-3 2.58x10-3 0.0902 40.69
6.34x10-3 3.80x10-3 2.54x10-3 0.1227 40.06
6.34x10-3 3.82x10-3 2.52x10-3 0.1590 39.75
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Fig. 4.8 Effect of masses on the uptake of Hg(II) from aqueous solution by PI at 298.15 
K, Ci= 5 xlQ-^mol dm-^ V= 10 ml, pH~4.5.
The percentages of Hg(II) removed from aqueous solutions by PI (Fig. 4.8) increases 
rapidly from 15 % to 37 % with an increase of the mass of the material from 0.003 to
0.05 g. Afterwards, the percentage of Hg(II) extracted from water in the presence of PI 
becomes almost constant. The optimum mass of material to be used for the removal of 
mercury from aqueous solution was found to be 0.05 g for a volume of aqueous solution 
of 10 ml.
4.2.3 The effect of the pH on the removal of mercury metal cation from 
aqueous solution at 298.15 K
In order to establish the effect of the pH of the aqueous solution on the removal of this 
metal cation by PI, batch equilibrium experiments were performed at different pH values 
in the range from 2 to 10. The amount of the material used (0.05 g) and the concentration 
of the solution (5x10"^ mol dm'^) were kept constant. Fig. 4.9 shows the effect of the pH
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of the solution on the percentage of Hg(II) removed from aqueous solution by this 
material at 298.15 K.
Table 4.8 Mercury uptake by PI from aqueous solutions at different pHs at 298.15 K.
pH [H g ^removed % E
2.71 3.40x10'^ 3.01x10-) 0.39x10-) 11.47
3.55 3.67x10'^ 2.59x10-) 1.08x10-) 29.43
4.46 4.01x10-) 2.17x10-) 1.84x10-) 45.89
5.18 3.92x10-) 2.76x10-) 1.16x10-) 29.59
6 .6 6 3.92x10-) 3.17x10-) 0.75x10-) 19.13
8 .22 4.01x10-) 3.42x10-) 0.59x10-) 14.71
10.04 4.09x10-) 3.59x10-) 0.50x10-) 12 .22
50
45
4 0 -
35-
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Fig. 4.9 The effect of pH on the uptake of mercury(II) by PI from aqueous solutions at 
298 K, Ci= 5 xlO'^ mol dm'^, V= 10 ml, m= 0.05 g..
Inspection of the plot shows that the percentage of Hg(II) extracted by the material from 
aqueous solution increases as the pH of the aqueous solution containing the metal cation 
salt increases. Then maximum percentage of extraction is reached at around pH 4.0. It is
1 6 3
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expected that the extraction of Hg(II) cation decreases at low pH due to the proton-cation 
competition for binding sites (ethereal and carbonyl oxygen atoms of the ligand) of the 
ligand anthored to the solid support. However at high pH, hydroxo-species of the metal 
cation can be formed^®  ^and these may be unable to interact with the binding sites of the 
material thus lowering the extraction.
4.2.4 Determination of the capacity of PI to uptake mercury(II) from aqueous 
solution at 298.15 K.
Batch equilibrium experiments were performed at 298.15 K with the aim of determining 
the capacity of this polymeric material to take up Hg(II) from aqueous solution (Table 
4.9) under the conditions described in the Experimental Section (mass of material (0.05 
g) and volume of solution (10 ml)) were kept constant.
From distribution experiments carried out at different pHs it was found that the optimum 
pH for the extraction of this cation salt from aqueous solution was ~ 4 which is the pH 
measured for an aqueous solution of the mercury(II) salt. Therefore no adjustment of pH 
was made to carry out the batch experiments to determine the capacity of the material to 
remove Hg(II) from aqueous solution.
A plot of the amount of metal cation retained per unit of mass of the material (mmol g‘^ ) 
against the initial concentrations of the metal cation salt in solution, Ceq (mol dm"^) is 
shown in Fig. 4.10.
It is observed that the degree of extraction of mercury(II) by the material is dependent on 
the concentration of the salt present and on the pH of the solution and it is indeed the 
latter parameter which determines the sigmoidal shape observed in Fig. 4.10.
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Table 4.9 Experimental data for the removal of mercury from aqueous solutions by PI at 
298.15 K.
f H g ' l c , [H g  ’ r^emoved mmol g''
4.00x10'’ 3.95x10'’ 0.05x10'’ 9.35x10'’
8.77x10'’ 7.65x10'’ 1.12x10'’ 2.20x10']
2.50x10'^ 0.94x10'^ 1.56x10'^ 2.92x10''
3.71x10'^ 1.20x10'^ 2.51x10'^ 5.02x10''
4.30x10'^ 1.34x10'^ 2.96x10'^ 5.89x10''
4.51x10'^ 1.50x10'^ 3.01x10'] 5.96x10''
4.76x10'^ 1.75x10'^ 3.01x10'] 6.00x10''
5.35x10'^ 2.35x10'^ 3.00x10'] 5.98x10''
6.10x10'^ 3.08x10'^ 3.08x10'] 5.92x10''
7.501 n
6.501 -
5.501
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Fig. 4.10 Retention isotherm of Hg(II) from aqueous solution by PI at 298.15 K, m= 0.05 
g, V= 10ml,pH~4.5.
Inspection of the results shown in Fig. 4.10 reveals that the amount of metal cation 
uptake per gram of PI increases with, increasing the initial concentration of the metal 
cation in aqueous medium until saturation of the material is reached.
The extraction isotherm shows that the maximum capacity of the material to extract 
Hg(II) (nitrate as counter ion) from water at 298.15 K is ~ 6xl0'^ mmol g"\
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Having established the optimum conditions for the removal of fluoride and mercury(II) 
from aqueous solution by the oligomeric material containing CP(I) as anchor group it was 
considered relevant to compare these results with other materials previously reported 
with the capacity to extract these ions from water and this is now discussed.
4.2.5 Comparison of PI for its capacity to extract fluoride and mercury(II) from 
aqueous solution with previous reported materials
Several methods have been used for the removal of fluoride from aqueous solutions by 
using different materials. Some of them showed low capacities compared to PI (214.26 
mg g'^) this is the case of montmorillonite^®^ (0.263 mg g '\  pH = 6, [F‘] = 8000 mg 1"^  at 
25®C), aluminum impregnated carbon^®  ^ (1.07 mg [F']= 8 mg F \ 5 < pH < 6), algae 
biosorbenfo" (1.272 mg pH = 7, [F] = 5 mg f '  at 30°C), oc-Alumina"°^ (2.73 mg 
5< pH < 6, [F']= 10 mg 1'^ ), Aligned carbon nanotubes^^^ (4.5 mg g"\ [F‘] = 15 mg 1'^ ), 
Alum sludge^®  ^ (5.394 mg g" )^, while others had moderate capacities like lanthanum 
impregnated cross-lmked gelatin ( 21.28 mg g Al^^ exchange z e o li te ^ ( 34.41 mg 
g  ^at 20 ®C, pH= 6.36), La^ "^  exchange zeolite^^® (45.15 mg g'  ^ at 20 °C, pH = 6.86).
It was found that the amount of fluoride uptaken by montmorillonite^®^ increases with 
time until it reaches a steady state in 180 minutes. The maximum removal was observed 
at pH 6, above this pH value, the surface of montmorillonite is negatively charged thus 
the fluoride uptake decreases. In the case of algae^°^, a large fraction of fluoride ion was 
removed within 120 min of contact time. The amount of fluoride extracted on the algae 
system showed a decrease as the pH of the aqueous solution increases from 2.0 to 10.5, 
the highest uptake values were observed at pH 2.0 where the overall surface charges on 
the algae cells should be positive, which facilitated the interaction with negatively 
charged fluoride ions.
The oligomeric material (PI) has several advantage in that: i) high concentration of 
fluoride (3900 mg 1'^ ) can be used in the extraction process ii) high capacity for uptaking
1 6 6
Chapter IV ________________________________________________  Extractions ofpolluting ions from aqueous medium
of fluoride ions (214.26 mg g'^) from aqueous solutions iii) the lack of interaction with 
ions other than fluoride means that this material is almost free from interference from 
other ions in solution.
A number of methods for the removal of mercury (II) from aqueous solutions have been 
used. Activated carbon^^ '^^^  ^ is the most widely used due to its excellent adsorption 
capability for heavy metals. However, the use of these methods is often limited due to 
their high cost. There are many techniques also available such as liquid-liquid 
extraction^^^ and solid phase extraction Some of the advantages of SPE
include i) fast and direct sample application without any sample lost; ii) no waste 
generation as in liquid extraction method; iii) SPE can be used in chromatography; iv) 
time and cost saving. However, the main disadvantage of SPE is the lack of selectivity^^^ 
which leads to high interferences of other existing species in solution.
Silica gel immobilized in various organic compounds as metal chelating agents is one of 
the many types of solid phases used in SPE. The objective of silica immobilization with 
certain functional groups was to add some selectivity in order to extend their use and 
application. Danil de Namor and co -w orkersstud ied  the use of sulfur containing 
calixpyrrole and silica based materials as extracting agents for mercury (II) from aqueous 
media. This oligomeric material showed an uptake capacity of 58.17 mg g"\ while 
capacities of 92.27 mg g'  ^ and 70.21 mg g"^  were found for two modified silica 
compounds. These values were found to be lower compared with those obtained for PI, 
where a capacity of 118.55 mg g'  ^ was found. The mercury uptake by the organic based 
polymer showed no changes by altering the pH of the solution. On the other hand, both of 
the silica based materials showed an increase in the metal ion uptake up to pH 6, after 
which the capacity of these materials decreased. Optimum contact times of 5 and 20 mins 
were found for the removal of mercury(II) from aqueous solution using the silica based 
materials and the calixpyrrole oligomer respectively. Therefore the kinetics of the process 
involving these materials is faster than that associated with PI (180 mins).
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The availability of a calixpyrrole based oligomeric material and its ability to remove 
phosphates (meso- tetramethyl tetrakis-(4-hydroxyphenyl)calix[4]pyrrole, 1, 
characterized by Dr Shehab) led to an investigation on the optimal conditions required for 
the removal of dihydrogen phosphate (H2PO4') from water using this material and this is 
now discussed.
4.3 Extraction of dihydrogen phosphate from aqueous solution
4.3.1 Extraction of dihydrogen phosphate from aqueous solution using the P2 
oligomeric material^ ®^
4.3.1.1 The pH effect on the uptake of dihydrogen phosphate by P2 at 298.15 K
In order to assess the effect of the solution pH on the uptake of H2PO4' by the oligomeric 
material, extraction experiments were carried out at different pH’s (Table 4.10). The pH 
(range 3-9) was adjusted with hydrochloric acid (HCl) or ammonium hydroxide 
(NH4OH). Fig. 4.11 shows the % of dihydrogen phosphate extracted by the material 
against the pH of the aqueous solution.
The dissociation of phosphoric acid, H3PO4 is shown in eqs. 4.7-4.9. 
H ,PO ,:^= Ê±±H ,P O ,-+ H *  pK .r2 .12 ]'] 4.7
H ,P O ;:^ :^± ± H P O l-+ H *  pKa2=6.82]'« 4.8
H P 0 l-:^ ^ f= ± P 0 l-+ H *  pK.3=12.38]'* 4.9
H A = f= ± H * + A 4.10
The relationship between pKa and pH is mathematically represented by the Henderson- 
Hasselbach equation*® :^
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p H = p K ^ + l o g ^ ^  4.11 
When the pH= pK., log =0, therefore [A-] = [HA]
= 4.12
= = 4.13
This calculation shows that at pH= 4.66, the dominant species will be dihydrogen 
phosphate (H2PO4"), while at 9.6 the hydrogen phosphate ions HP04 '^ are dominant.
Fig. 4.11 shows that at any pH, only one acidic form and its conjugate base dominate the 
concentration of all phosphate species. This is due to the difference in pKa values 
associated with each dissociation process (eqs. 4.7-4.9). For instance, at pH = 2, the 
concentrations of H3PO4 and H2PO4" are roughly equal (pH ~ pKai) while the 
concentrations of HP04 ‘^ and P04 '^ are negligibly small. From Fig. 4.11 the dominant 
acid-conjugate base pair at various pH ranges are shown.
pH range Dominant species 
0 - 4.7 H3PO4, H2PO4'
4.7 - 9.7 H2PO4", HP04 -^
9 .7-14  H P04^P04^’
Fig. 4.11 Dihydrogen phosphate species present at different pH’s^ ^^
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At low pH, there is a considerable amount of H3PO4. It is expected that its interaction 
with P2 is lower than that of H2PO4". At pH 4.66 (eq. 4.12), the predominant species in 
solution is H2PO4'. Thus attraction between the binding sites of the ligand in the material 
is expected to be greater. Consequently the percentage of extraction increases. At pH 9.6, 
the predominant species are [HP04 ‘^], less hydrogen atom will be available for the 
interaction with the ligand and thus the extraction decreases.
Table 4.10 Phosphate uptake from aqueous solutions by P2 at different pHs at 298.15 K.
pH [H2P04Hi rH iP o n ,. [H2PO4 Iremoved % E
3.58 L74xlO^ i.i7 x ia 4 0.57x10-^ 32.76
4.47 1.26x10'^ 0.65x10"^ 1161x10^ 48.41
5.26 1.23x10"^ 0.55x10'^ 0.68x 10"* 55.28
6.34 LlOxlO^ 0.62x10'^ 0.48x10"* 43.63
7.84 1.08x10^ 0.69x10'^ 0.39x10"* 36.11
8.85 1.07x10'^ 0.74x10'^ 0.33x10"* 31.04
60 -,
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Fig. 4.12 Effect of pH on the uptake of H2PO4' anion from aqueous solution by P2 at
298.15 K, Ci= 1 xlQ-’ mol d m \ V= 10 ml, m= 0.09 g, pH~5.
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4.3.1.2 Kinetics of the extraction of dihydrogen phosphate hy P2 from aqueous 
solution at 298.15K
Batch equilibrium experiments were performed at 298.15 K to evaluate the time required 
to attain equilibrium (Table 4.11). The concentration of dihydrogen phosphate (1.00x10"^ 
mol dm'^) and mass of the material (0.09 g) were kept constant. Times between 5 and 
1440 minutes were investigated indicating that the maximum percentage of phosphate 
removed occurred within 2 hours. A plot of the percentage removal of H2PO4" versus the 
equilibration time at 298.15 K is shown in Fig. 4.13.
Table 4.11 Kinetics of the extraction of phosphate from aqueous solution by P2 at 298.15 
K.
Time (minutes) rH2P04'li TH2P04'leo [H2P04"|removed % E
30 1.57x10"* 0.84x10"* 0.73x10"* 46.49
60 1.57x10"* 0.72x10"* 0.85x10"* 54.14
120 1.57x10"* 0.69x10"* 0.88x10"* 56.05
240 1.57x10"* 0.68x 10"* 0.89x10"* 56.68
360 1.57x10"* 0.69x10"* 0 .88x10"* 56.05
600 1.57x10"* 0.70x10"* 0.87x10"* 55.14
1440 1.57x10"* 0.69x10"* 0 .88x10"* 56.05
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Fig. 4.13 Determination of the optimum time for the uptake of H2PO4" anion from 
aqueous solution by the P2 polymeric material at 298.15 K, Cj = 1 xlO'^mol dm‘^ , V= 10 
ml, m= 0.09 g, pH~5.
The results show that 46 % of the initial concentration of dihydrogen phosphate was 
removed from solution within 30 minutes and the maximum removal of 56 % was 
achieved in 120 minutes, then, the percentage of removal becomes almost constant.
The results lead to the conclusion that the full capacity is reached in a few minutes, and 
therefore, the kinetics of the process is considered to be relatively fast.
4.3.1.3 Determination of optimum amount of P2 oligomeric material for the uptake 
of H2PO4 from water at 298 K
Different weights of this material were equilibrated with accurate volumes (10 cm^) of 
aqueous solution containing H2PO4" (1x10"^ mol dm'^) (pH ~5) at 298.15 K (Table 4.12). 
A plot of the percentage of H2PO4" anion retained by this material from aqueous solution 
versus the mass of the material is shown in Fig. 4.14.
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Table 4.12 Effect of the amount of P2 on the extraction of dihydrogen phosphate from 
water at 298 K.
fH2P04-li [HzPO^le. [H2P04'lremoved Mass of material % E
1.43x10'^ 1.18x10"^ 0.25x10"* 0.0033 17.48
1.43x10^ 1.11x10'^ 0.32x10"* 0.0125 22.37
1.43x10"^ 0.97x10-^ 0.46x10"* 0.0321 31.72
1.43x10"^ 0.91x10'^ 0.52x10"* 0.0571 36.36
1.43x10'^ 0.88x10-^ 0.55x10"* 0.0730 38.46
1.43x10'^ 0.84x10"^ 0.59x10"* 0.0932 41.58
1.43x10-^ 0.85x10'^ 0.58x10"* 0.1218 40.56
1.43x10"^ 0.85x10"' 0.58x10"* 0.1609 40.56
1.43x10"^ 0.86x10"* 0.57x10"* 0.2093 39.86
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Fig. 4.14 The effect of mass on the uptake of the H2PO4" anion from aqueous solution by 
P2 oligomeric material at 298.15 K, Cj= 1 x 10"^  mol dm'^, V= 10 ml, pH~5.
The percentages of H2PO4'  removed from aqueous solution by P2 (Fig. 4.13) increases 
from 17 % to 40 % with an increase of the mass of the material from 0.003 to 0.09 g. 
This increase can be explained on the basis of an increase in the number of active sites of
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the material for a fixed initial solute concentration. After that, the percentage of H2PO4" 
retained by the material becomes almost constant indicating its saturation.
4.3.1.4 Determination of the capacity of P2 to remove the dihydrogen phosphate 
anion from aqueous solution at 298.15 K
Batch equilibrium experiments were performed at 298.15 K with the aim of determining 
the capacity of this polymeric material to take up H2PO4' from aqueous solution, keeping 
the weight of the material (0.09 g), the volume of solution (10 ml), the temperature and 
pH of the solution constant (~ 5). The equilibration time was 24 hours.
A plot of the mmoles of H2PO4" taken up per gram of material against the equilibrium 
concentration of H2PO4" in water is shown in Fig. 4.15. The extraction isotherm shows 
that the maximum capacity of the material to extract H2PO4" from water at 298.15 K is ~ 
7x10'^ mmol/g.
Table 4.13 Experimental data for the removal of dihydrogen phosphate from aqueous 
solutions by P2 at 298.15 K.
[H 2 P 0 4 li [H 2P 04-le. [H 2PO 4 ] removed mmol g-*
1.41x10' 0.55x10-' 0.86x10 ' 9.55x10"*
3.42x10-' 1.43x10-' 1.99x10"' 2 .21x 10"'
4.31x10-' 2.31x10' 2 .00x10"' 2 .22x10"'
6.25x10-' 3.11x10"' 3.14x10"' 3.48x10"'
1.07x10"^ 0.57x10"* 0.50x10"* 5.55x10"'
1.20x10"* 0.64x10"* 0.56x10"* 6 .22x10"'
1.40x10"* 0.76x10"* 0.64x10"* 7.11x10"'
1.51x10"* 0.85x10"* 0.66x10"* 7.33x10"'
1.83x10"* 1.16x10"* 0.67x10"* 7.44x10"'
2 .01x10"* 1.34x10"* 0.67x10"* 7.44x10"'
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Fig. 4.15 Uptake isotherm for H2PO4" anion from aqueous solution by P2 at 298.15 K, 
V= 10 ml, m= 0.09 g, pH~5.
In an attempt to simplify the synthetic procedure and reduce the cost involved in the 
synthesis, diethyl phenoxy ethyl amine (L2) was grafted onto a silica matrix. This 
ftinctional group was chosen due to the availability of donor atoms capable of entering 
hydrogen bond formation with dihydrogen phosphate anions.
4.3.2 Extraction of dihydrogen phosphate using LI and L2
4.3.2.1 The pH effect on the uptake of dihydrogen phosphate by LI and L2 at 298.15 
K
Batch experiments were carried out to determine the effect of the pH. In doing so, the 
amount of the materials (0.009 g and 0.03 g for LI and L2 respectively) and initial 
concentration of dihydrogen phosphate (IxlO'^ mol dm'^) were kept constant. Fig. 4.16 
shows the effect of the pH of the solution on the percentages of dihydrogen phosphate 
removed from aqueous solution by these materials at 298.15 K.
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Table 4.14 Phosphate uptake by LI and L2 from aqueous solutions at different pH’s at 
298.15 K.
LI L2
pH % E pH % E
2.65 10.35 2.64 20.37
4.34 17.03 4.41 35.48
6.09 23.65 6.21 20.15
8.04 14.72 8.18 12.78
10.61 9.22 10.86 12.53
12.02 6.53 12.06 12.37
35-
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Fig. 4.16 Percentage of extraction of the dihydrogen phosphate plotted against the pH 
using LI and L2, Q  = 1 xlO’  ^mol dm '\ V= 10 ml, m=0.009 g and 0.03 g for LI and L2 
respectively.
The dissociation of phosphoric acid occurs in three steps as shown by eqs. 4.7-4.9 
(section 4.3.1.1, page 167). Thus the pKai for the first dissociation of phosphoric acid in 
water at 298 K is 2.12. At this pH, the spéciations in solution are ~ H3PO4 (50 %) and 
H2PO4" (50 %). The neutral species H3PO4 are less interactive with the binding sites of
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the material. Therefore a low percentage of extraction of phosphate at low pH is obtained 
(Fig. 4.16). At pH 4.66, the predominant species in solution is H2PO4", thus a higher 
attraction between the binding sites of the ligands and anions leading to higher extraction 
of phosphate. At pH 9.5, the dominant species are HP04 ‘^, less hydrogen atom will be 
available for the interaction with the ligand, thus the uptake of phosphate by LI and L2 
decreases.
4.S.2.2 Kinetics of the extraction of dihydrogen phosphate by L I and L2 from 
aqueous solution at 298.15K
Batch equilibrium experiments were performed at 298.15 K to evaluate the time of 
extraction. In doing so the amount of material (0.01 g and 0.03 g for LI and L2 
respectively) and the pH of the solution (~5) were kept constant. The outcome of these 
experiments is shown in Fig. 4.16 in which the percentages of extraction (% E) are 
plotted against the contact time.
Table 4.15 Kinetics of extraction of phosphate from aqueous solution by LI and L2 at 
298.15 K.
LI L2
Time (minutes) % E Time (minutes) % E
30 14.28 30 17.45
60 17.58 60 27.99
120 20.88 120 31.94
240 23.00 240 34.00
360 23.60 360 34.60
600 23.10 600 35.19
1440 23.17 1440 35.44
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Fig. 4.17 Determination of the optimum time for the uptake of dihydrogen phosphate by 
LI and L2 from aqueous solution at 298.15 K, Cj = 1 xlO'^ mol dm'^, V= 10 ml, m=0.009 
g and 0.03 g for LI and L2 respectively, pH~5.
The results show that the amount of phosphate extracted (% E) from aqueous solution by 
the material increases with an increase with time until equilibrium is reached. More than 
20 % of dihydrogen phosphate is removed by LI and 35% by L2 in about 4 hours. Then, 
the removal percentage become almost constant since there is no appreciable change 
observed with time.
4.3.2.3 Determination of optimum amount of L I and L2 for the uptake of H2PO4 in 
water at 298 K
Different masses of LI and L2 were used for the determination of the optimum mass of 
dihydrogen phosphate. The initial concentration ofH 2? 04" was 1 x 10’  ^mol dm'^.
The data in Table 4.16 show that the LI and L2 were able to extract 18 % and 34 % 
respectively of the dihydrogen phosphate anion respectively (Fig. 4.18).
The increase in the amount of the anion extracted from aqueous solution by an increase
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of the mass of material can be explained on the basis of an increase in the number of 
actives sites for a fixed initial concentration of dihydrogen phosphate in solution. It 
means that at a given mass of the material and concentration of the anion in aqueous 
solution, the material is saturated.
Table 4.16 Effect of the amount of LI and L2 on the extraction of dihydrogen phosphate 
from water at 298 K.
LI
Wt of material (g) % E
0.00560 2
0.00781 9
0.00972 15
0.03230 16
0.05260 16
0.07139 16
0.09211 17
0.13360 17
0.15324 18
L2
Wt of material (g) % E
0.00352 22
0.00965 27
0.01177 28
0.03106 30
0.05120 31
0.07282 31
0.13632 33
0.15400 34
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Fig. 4.18 Effect of masses on the uptake of H2PO4" anion from aqueous solution by the 
LI and L2 at 298.15 K, Cj = 1 xlO"  ^mol dm"\ V= 10 ml, pH~5.
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4.3.2.4 Determination of the capacity of LI and L2 to remove the dihydrogen 
phosphate anion from water at 298.15 K
The uptake of dihydrogen phosphate by the materials (Fig. 4.19) was obtained by plotting 
the capacity of the material (amount of salt extracted from the solution per unit quantity 
of material) against the equilibrium concentration of the anion salt in aqueous medium. 
The data (Table 4.17) show that the extraction increases by increasing the concentration 
due to the availability of the anions to interact with the materials until equilibrium is 
reached. At high concentration of dihydrogen phosphate the material gets saturated. The 
mflYirmim capacity of LI and L2 to extract dihydrogen phosphate from aqueous solutions 
was 2.30 and 25.00 mmol g‘^ The higher capacity of L2 compared to LI is attributed to 
the presence of more active sites (carbonyl group and oxygen atoms) in the former 
relative to the latter which are able to interact with dihydrogen phosphate through 
hydrogen bond formation.
Table 4.17 Experimental data for the removal of dihydrogen phosphate from aqueous 
solutions by LI and L2 at 298.15 K.
LI L2
rH2P04lea mmol g'^ rH2P04'lea mmol g'^
1.03x10-3 0.24 2.00x10'^ 0.10
2.06x10’^ 0.94 1.28x10'^ 3.59
3.03x10'^ 1.51 2.12x10'^ 7.53
3.90x10'^ 1.85 2.98x10'^ 12.5
4.81x10'^ 2.20 4.22x10'^ 20.4
6.31x10'^ 2.30 4.85x10'^ 22.5
6.79x10’^ 2.33 5.83x10'^ 23.6
1.04x10'^ 2.35 6.65x10'^ 24.1
7.87x10'^ 24.1
1.00x10'^ 24.9
1 8 0
Chapter IV Extractions ofpolluting ions from aqueous medium
3.0B O 11
25B-01 -
2 0 B -0 1 -  
E  1.5B-01-
♦ L1
■ L2
1.0B-01 -
5.0B-00
aoE+oo#
O.OEHX) 20E<]2 4.0E-O2 6.0E-Q2 8.0E-Q2 1.0E-O1 1.2E-01
[HbP04']eq
Fig. 4.19 Amount of phosphate (mmol/g) taken up by LI and L2 against the equilibrium 
concentration of the dihydrogen phosphate in aqueous solution, V= 10 ml, m=0.009 g 
and 0.03 g for LI and L2 respectively, pH~5.
4.4 Extraction of dihydrogen arsenate using LI and L2
4.4.1 The pH effect on the uptake of dihydrogen arsenate by L I and L2 at 298.15 K
In order to establish the effect of the pH of the solution on the removal of arsenate anion 
from aqueous solution by LI and L2, batch equilibrium experiments were performed at 
different pH values in the range from 2.0 to 13.0 (Table 4.18). Fig. 4.20 shows the effect 
of the pH of the solution on the percentages of arsenate removed from aqueous solution 
by LI and L2 respectively at 298.15 K.
The dissociation of arsenic acid, H3ASO4 is shown in eqs. 4.14-4.16.
pKai=2.20^° 4.14H M O ,  <
H ^ A sO ;:^ ^ ± ± H A sO l-  +H* 
HAsO^- < +H*
pKa2= 6.97220
p K a 3 =  1 1 . 5 3
220
4.15
4.16
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At low pH, the dominant species in solution are H3ASO4. It is expected that its interaction 
with P2 is lower than that of H2ASO4 . At pH 4.59, the predominant species in solution is 
H2ASO4". Thus attraction between the binding sites of the ligand in the material is 
expected to be greater. Consequently the percentage of extraction increases. At pH 9.25, 
the predominant species are [HAs04^], less hydrogen atom will be available for the
interaction with the ligand, thus the extraction decreases.
Table 4.18 Percentages of arsenate ions taken up by LI and L2 from aqueous solutions at 
different pHs at 298.15 K.
LI L2
pH % E pH % E
3.42 7.14 3.10 3.98
5.50 13.69 5.26 15.09
7.15 19.30 7.88 26.84
9.60 11.77 8.74 14.96
11.26 7.09 9.29 7.54
12.60 5.40 10.63 4.07
30i
25-
20 -
10 -
14121086420
pH
Fig. 4.20 The effect of pH on the uptake of the H2ASO4' anion from aqueous solution by 
LI and L2 at 298.15 K, Ci= 1 xlO’^ mol dm '\ V= 10 ml, m=0.07 g and 0.01 g for LI and 
L2 respectively.
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The results show that the percentage of arsenate removed from aqueous solution by LI 
and L2 increases as the pH of the solution increases. It reaches a maximum at pH 7.8 and
7.1 for LI and L2 respectively and then decreases at higher pH.
4.4.2 Kinetics of extraction of dihydrogen arsenate from aqueous solution at 298 K 
using LI and L2
Batch equilibrium experiments were performed at 298 K to evaluate the time required to 
attain equilibrium. The kinetics of the process was monitored at different time intervals 
over a period of 24 hours at 298 K (Table 4.19). The concentration of arsenate in the 
aqueous solution (1x10"^ mol dm'^) and the amount of the materials (0.07 and 0.01 g for 
LI and L2 respectively) were kept constant. A plot of the percentage of arsenate removed 
from aqueous solution by LI and L2 versus the equilibration time at 298 K is shown in 
Fig. 4.21.
Table 4.19 Kinetics of the extraction of arsenate from aqueous solution by LI and L2 at 
298 K.
LI
Time (hours) % E
30 12.70
60 14.78
120 15.85
240 17.02
360 18.63
600 19.47
900 19.25
1440 19.98
L2
Time (hours) % E
30 13.00
60 16.33
120 20.20
240 22.35
360 24.56
600 25.99
900 26.15
1440 26.54
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Fig. 4.21 Kinetics of the dihydrogen arsenate extraction by LI and L2 from aqueous 
solution at 298 K, Q  = 1 xlO"  ^mol dm" ,^ V= 10 ml, m=0.07 g and 0.01 g for LI and L2 
respectively, pH~7.
As far as LI is concerned, 12 % of the initial concentration of arsenate was removed from 
the solution within the first 30 minutes and a maximum of 19 % was achieved at 600 
minutes. Then the percentage of drhydrogen arsenate removed becomes almost constant 
due to the saturation of the material. In the case of L2, the material removes 13 % of this 
anion salt in the first 30 minutes, and reached a maximum of 30 % after 600 minutes. 
After this time no significant changes in the amount of salt removed by the material was 
observed. It can be noticed that the kinetics of this process is relatively slow.
4.4.3 Determination of optimum amount of LI and L2 for the removal of H2ASO4" 
from aqueous solution at 298 K
In order to determine the optimum masses of LI and L2 required for the removal of 
arsenate from aqueous solution, the weight of the materials was varied while the anion 
salt solution concentration was kept constant (1x10"^ mol dm"^) (Table 4.20). The 
experimental results are presented in Fig. 4.22. The percentages of arsenate removed
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from aqueous solutions by LI and L2 increase with increasing the amount of the 
materials. After 19 % of extraction, the percentage of arsenate retained by LI and L2 
becomes almost constant as the materials reached saturation. It can be seen that the 
optimum mass of the materials to remove the dihydrogen arsenate from aqueous solution 
was found to be 0.07 and 0.01 g for LI and L2 respectively.
Table 4.20 Effect of the amount of LI and L2 on the extraction of dihydrogen arsenate
from aqueous solution at 298 K.
LI L2
g of material % E g of material % E
0.00342 4.55 0.00316 15.18
0.00525 7.79 0.00517 18.27
0.00778 9.77 0.00734 20.80
0.00954 12.02 0.01285 23.61
0.01243 13.71 0.03382 23.89
0.03413 16.25 0.05048 24.45
0.05241 17.66 0.07434 24.73
0.07384 19.07 0.09097 25.29
0.09091 19.35 0.12293 25.01
0.11637 19.50 0.16679 25.29
0.13697 19.92 0.20359 25.57
0.15260 19.78
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Fig. 4.22 The effect of mass of material on the uptake of arsenate anion salt from aqueous 
solution by LI and L2at 298 K, Cj = 1 x 10"^  mol dm V= 10 ml, pH~7.
4.4.4 Determination of the capacity of LI and L2 to uptake dihydrogen arsenate 
from aqueous solution at 298 K
Batch equilibrium experiments were performed at 298 K with the aim of determining the 
capacity of LI and L2 to take up dihydrogen arsenate from aqueous solution at 298.15 K 
(Table 4.21). Under the conditions described in the experimental part, the mass of the 
material (0.07 and 0.01 g for LI and L2 respectively) and the volume of solution (10 ml) 
were kept constant.
A plot of the amount of arsenate retained per unit of mass of LI and L2 (mmol/g) against 
the equilibrium concentrations of arsenate, Ceq (mmol dm'^) is shown in Fig. 4.23.
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Table 4.21 Experimental data for the removal of dihydrogen arsenate from aqueous 
solutions by LI and L2 at 298 K.
LI
rH2As04 '1ea Himol g'
L2
[H2As04~]eq lUmol g~
9.15x10'® 1.35x10'® 1.25x10'® 4.77x10'®
2.10x10'® 2.21x10'® 2.42x10'® 5.59x10'®
2.32x10'® 2.46x10'® 3.51x10'® 1.12x10'®
2.83x10'® 3.39x10'® 6.06x10® 2.32x10'®
3.23x10'® 4.47x10'® 7.27x10'® 2.79x10'®
3.82x10'® 5.34x10® 8.12x10® 3.39x10'®
4.17x10'® 7.39x10'® 9.91x10'® 3.58x10'®
5.48x10'® 7.42x10'® 1.18x10'^ 3.58x10'®
6.71x10'® 7.25x10'® 1.57x10'^ 3.64x10'®
7.58x10'® 7.33x10'®
4.0E-021
3.5E-02 -
3.0E-02 -
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iL2E 2.0E-02-
1.5E-02 -
lOE-02 -
5.0E-03 -
O.E+OO 2.E-05 4.E-05 6.E-05 8.E-05 1.E-04 1.E-04 1.E-04 2.E-04
Fig. 4.23 Uptake isotherm for the arsenate anion salt from aqueous solution by LI and L2 
at 298 K, V= 10 ml, m=0.07 g and 0.01 g for LI and L2 respectively, pH~7.
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Examination of the data reveals that the amount of arsenate uptake per gram of LI and L2 
increases by increasing the initial concentrations of the anion salt in the aqueous medium. 
The materials show to have a maximum capacity to remove dihydrogen arsenate of 
7.2x 10'  ^and 3.5x10"^ mmol g"^  of L1 and L2 respectively.
Techniques used for the removal of phosphate and arsenate include precipitation and 
coagulation as well as ion exchange processes. In the precipitation and coagulation 
processes Iron (III), aluminum as chloride or sulphate^^ and calcium oxides^^ are used to 
convert anions into insoluble precipitates, while for the ion exchange processes activated 
alumina^^* and activated carbon^^^ are used.
Danil de Namor and co-workers have used calix[4]pyrrole polymers as extracting agents 
for the removal of polluted ions (H2PO4' and H2ASO4') from aqueous media. The 
oligomeric materials showed an uptake capacity of 0.05 mmoI/g and 0.005 mmol/g for 
H2PO4" and H2ASO4" respectively. The dihydrogen phosphate and arsenate uptake by the 
organic based polymer showed a pH dependent behaviour.
Other work performed for the removal of dihydrogen phosphate from aqueous solutions 
include HCl-treated fly ash (TFA-HCl)^^^, NaOH-treated fly ash (TFA-NaOH), untreated 
fly ash ( FA), Fe (III)/Cr (III) hydroxide"^ "^ . These materials showed different capacities of 
6.90, 57.14, 23.20, 1.47 mg g‘* respectively compared to our materials (0.22 mg g'^  for 
P2, 72.78 mg g'  ^ for LI, 758.77 mg g'^  for L2).
The uptake on fly ash increased with an increase of contact time, particularly in the first 
30 min. After 2 to 4 hours of contact, only FA and TFA-NaOH showed an additional 
capacity to remove phosphate, but the uptake rate of TFA-NaOH was slower than that of 
the FA.
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C onclusions
a) The synthesis of a calix[4]pyrrole based material (PI) was achieved. This material 
extracts fluoride and mercury ions from aqueous medium. The amount of fluoride 
extracted by the material per gram of dry resin is 5.64 mmol g '\  It is observed that the 
degree of extraction of the material is dependent on the concentration of the salt present 
and on the pH of the solution and it is indeed the latter parameter which determines the 
sigmoidal shape observed (section 4.1.4, page 155-156). The results show that the 
maximum extraction is observed at pH 8-9 when the salt concentration is about 0.1 mol 
dm^ (section 4.1.5, pages 157). It is also shown that the kinetics of the process is 
relatively fast. Recycling of the material was carried out by washing it four times with 
citric acid (1.00x10'^ mol dm'^). After recycling, the material showed the same efficiency 
for the extraction of fluoride than before (section 4.1.5, page 158-159).
As far as the mercury extraction is concerned, the amount of metal cation salt removed 
per unit mass of the oligomeric material (PI) was found to be 5.91x10'^ mmol g"\ An 
equilibration time of two hours was found to be sufficient to reach saturation, thus the 
kinetics of the extraction process was found to be slow. The percentage of the metal 
cation salt removed from aqueous solution increased with an increase in the pH of the 
solution. A maximum removal of Hg(II) from aqueous solution By PI was found at pH 3- 
5. The capacity of the polymeric material for the extraction of fluoride and mercury 
showed a different stoichiometry than the non-polymeric material which might be 
attributed to the formation of an aggregate.
b) A calix[4]pyrrole resin (P2 ) was successfully prepared. The results of extraction 
studies indicate that P2 is suitable for the removal and recovery of H2PO4' ions from 
aqueous media. The uptake of H2PO4' ions by this material was influenced hy 
experimental parameters such as the mass of the material, the initial anion salt 
concentrations, the pH, and the time of extraction. The extraction isotherm shows that the 
maximum capacity of the material to extract H2PO4" from water is -  7x10'^ mmol g"\
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The kinetics of the extraction process showed that the time required for the material to 
uptake the maximum amount of the anion salt from the aqueous solution was less than an 
hour. Therefore the extraction process can be considered relatively fast.
c) Two silica based materials LI and L2 were synthesized and characterized by elemental 
analysis. The results show that these materials are able to uptake dihydrogen phosphate 
and dihydrogen arsenate from aqueous medium at 298 K.
The capacities for LI and L2 were 2.5 and 25 mmol g'^  respectively for dihydrogen 
phosphate and 7.2x 10'  ^and 3.5x10'^mmol g"^  for dihydrogen arsenate. It can be said that 
L2 has a higher capacity than LI to extract dihydrogen phosphate/arsenate due to the 
presence of more active sites (carbonyl group and oxygen atoms) able to enter hydrogen 
bond interaction. The percentage of phosphate/arsenate removed from aqueous solution 
by these materials increases with an increase in the pH of the solution due to the different 
species of phosphate/arsenate present at different pHs. The maximum removal of 
phosphate and arsenate salts from aqueous solution by LI and L2 were found to be in the 
5 to 7 pH range.
For both materials, the kinetics of the extraction process was found to be relatively fast 
for the removal of phosphate salt while for the arsenate salt was relatively slow. More 
than 23  % of dihydrogen phosphate salt is removed using L I , while 35  % is extracted by 
L 2 in about four hours. For the arsenate salt, 19 % was removed from aqueous solution 
using L I and 25  % by L 2 in about 10 hours.
1 9 0
Future Work
Suggestions for further w ork
1) The complexation studies of CP(II) were investigated in acetonitrile in this thesis. 
However, the investigations should be extended to other non-aqueous solvents to validate 
the influence of the media on the complexation behaviour of this macrocycle towards 
anions and cations in solution.
2) The isolation of suitable crystals for X-ray diffraction studies would be useful to gain 
knowledge on the sites of interaction of the ligand with the anions and the mercury metal 
cation in the solid state and on the role of the solvent in the process of complexation, 
although the information gained from X-ray diffraction studies is referred to the solid 
state, it may provide useful information as to whether or not these findings can be applied 
to the process in solution.
3) The synthesis of the calixpyrrole polymer (PI) and its ability to remove fluoride and 
mercury ions from aqueous solution was discussed. Another calixpyrrole polymeric 
material based on CP(II) can also be explored. It is also relevant to investigate the ability 
of this polymer to remove fluoride and mercury from aqueous solution and to compare its 
capacity with that of the analogue one (PI).
4) Investigations of the removal capacity of modified silicas (LI and L2) for other anions 
and cations in order to determine the capacity of these materials to uptake different 
pollutants.
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Avvendix 1 Mass Spectra
1- Mass spectrum for PI
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Avvendix 2 NMR Svectra
H NMR Spectra of CP(I) with anions and cations in de-DMSO
CP(I)-F'-DMSO
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Appendix 2 NMR Spectra
CP(I)- Bf-DMSO
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Avvendix 2 NMR Svectra
CP(I)- H2PO4" -DMSO
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Avvendix 2 NMR Svectra
CP(I)-Na+-DMSO
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Avvendix 2 NMR Svectra
CP(I)-Rb+-DMSO
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CP(I)- -DMSO
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CP(I)- -DMSO
gBZBBgB*6@;@9«RE%gRg%BEi;E;!BBgSBEX;
CP(I)- Cf*-DM SO
!SSmigiSS§§Si!!§SiSSS§iis§i§iiiiiiS§§i§SSiiiSiiSSSSS§§§S§ii§iilSil!Slii§SSlii§^§S!S!li§SSSS§§l§S!§iliSiSISS§iiSS^S£
À
Avvendix 2 NMR Svectra
CP(I)-Ag+-DMSO
CP(I)-Hg^+-DMSO
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